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PREFACE 


In  accordance  with  the  mission  of  AGARD  the  Structures  and  Materials  Panel  (SMP)  has  always  kept  an  open  eye  for 
the  possibility  of  sponsoring  collaborative  programmes  of  research.  AGARD  is  unique  in  its  ability  to  realise  the  cooperation 
of  laboratories  in  up  to  sixteen  nations.  In  this  way  AGARD  distinguishes  itself  from  other  international  scientific  and 
technical  organisations. 

In  the  1 97()s  the  SMP  decided  to  embark  on  collaborative  research  activities  in  the  area  of  fatigue.  One  of  the  first 
activities  was  the  Corrosion  Fatigue  Cooperative  Testing  Programme  (CFCTP).  the  precursor  to  the  Fatigue  in  Aircraft 
Corrosion  Testing  (FACT)  programme.  Both  programmes  are  described  in  this  report. 

Failure  by  fatigue  and  degradation  by  corrosion  continue  to  be  major  considerations  in  aircraft  design.  Environmental 
effects  influence  both  initiation  and  propagation  of  fatigue  cracks,  and  dynamic  loading  may  cause  more  rapid  deterioration 
of  cerrosion  protection  sytc.'ns.  Therefore  ilic  coiijouii  ucli'-.; '  dynamic  loading  and  environmental  attack,  i.e.  corro.sion 
fatigue,  requires  special  attention. 

Many  corrosion  fatigue  tests  have  been  done  on  aluminium  alloys.  However,  few  included  critical  structural  details  like 
joints,  under  realistic  cyclic  load  histories  and  in  service-like  environments.  Even  fewer  used  practical  corrosion  protection 
.systems.  'Fhese  aspects  arc  specifically  addressed  by  the  CFCTP  and  FACT  progammes.  Tlie  results  provide  a  significant 
contribution  to  the  understanding  of  aircraft  corrosion  fatigue  and  should  encourage  further  investigation  in  this  difficult 
and  challenging  area  of  aerospace  technology. 


H.P.VAN  LEEUWEN 
Chairman,  Subcommittee  on 
Fatigue  in  Aircraft 
Corrosion  Testing  (FACT) 


Conformemcni  a  la  mission  dc  I'AGARD,  le  Panel  des  Structures  ct  Maieriaux  (SMP)  a  toujours  veillc  aux  possibilites 
de  parrainage  dc  programmes  collaboratifs  de  recherche. 

La  capacite  d' AGARD  de  coordonner  des  piogrammes  dc  cooperation  enirc  laboraioires  dans  les  seize  pays  membres 
de  I'OTAN  esi  unique.  Ainsi,  AGARD  se  distingue  de  tous  les  aulres  organismes  scienilfiqucs  ct  techniques  internaiionaux. 

Au  cours  des  annees  1 970.  le  Panel  SMP  a  pris  la  decision  d  entreprendre  dcs  activitc^s  de  recherche  eollaboraiive  dans 
Ic  domaine  de  la  fatigue.  L'une  des  premieres  initiatives  dans'ce  sensaeie  le  Programme  Collaboraiif  d‘Essais  de  Fatigue 
sous  C orrosion  (CFCTP),  precurseur  du  Programme  d’essais  des  interactions  fatigue/corrosion  des  maieriaux  consiituiifs 
des  avions  (FACT).  Cc  rapport  donne  la  description  des  deux  programmes. 

La  rupture  de  fatigue  el  la  degradation  sous  corrosion  sont  toujours  des  questions  d  actualiie  dans  la  conception  des 
aeronefs.  Les  conditions  d  ambiance  influent  sur  le  debut  el  la  propagation  dc  la  fissure,  et  Pimposilion  des  charges 
dynamiques  peut  conduire  a  la  deterioration  accelerce  dc.s  .systemes  de  protection  contre  )a  corrosion.  I)  s'en.suii  que  faction 
conjointe  de  charges  dynamique  et  de  conditions  d'ambiance  aggressives.  e'est  a  dire  la  fatigue  sous  corrosion,  demande  une 
attention  particuliere. 

De  nombreux  cssais  dc  fatigue  sous  corrosion  ont  etc  effcctues  sur  des  alliages  d  aluminium.  mais  tres  peur  sur  les 
elements  de  structure  critiques  icls  que  les  assemblages  dans  des  conditions  qui  simulent  les  conditions  reclles  de  service,  en 
appliquant  des  sequences  de  charges  reelles.  L'emploi  de  systemes  pratiques  de  protection  contre  la  corrosion  s'avcre  memc 
plu.s  rare.  Ce  son?  precisement  ce.s  aspeci.s  qui  .sont  examines  par  les  programmes  CFCTP  et  FACT.  Les  resuliat.s  obicnus 
representent  une  contribution  importante  a  fcffori  comsacrc  a  fanalyse  dc  la  corrosion  sous  fatigue  des  maieriaux 
aerospatiaux.  et  ils  devraient  conduire  a  des  travaux  de  recherche  plu.s  approftmdis  dans  cc  domaine  difficile  el  exigeant  dc  la 
technologic  aerospatiale. 
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FART  I 

t'ROGKAMMK  OB 'hCT  I  VllS  AN!l  OEKIM  I  loN 


1.  rNTRULR^niON 

Aircraft  structures  are  susceptible  to  corrosion  and  fatigue.  Corrosion  can  occur  under  bi'tli  stuiL 
Cv'i'.ditlons  and  during  missions.  Thus  the  conjoint  action  of  corro;ion  and  cycii*.  loading,  t.e.  curiisi,!! 
fatigvi«,  is  possible.  Corrosion  begins  when  the  applied  protection  systems  become  degraded  and  damaged. 
Degradation  occurs  owing  to  exposure,  e.g.  to  liltraviolet  light  and  ozone,  and  mo i st ure-i ndnced  leaLhlng  t 
inhibitors  from  primers  and  sealants.  Damage  may  be  Incidental,  for  example  as  a  consequence  o:  impact  by 
iorcigii  objects,  or  may  occur  as  cracking  due  to  service  loads  or  because  the  underlying  met.ii  ha^  cracked. 

Corrosion  and  fatigue  damage  tend  to  concentrate  at  joints,  wiiich  in  convent  ii-na  1  jliiminiuir  alii  > 
structures  pr'ssess  most  or  all  ot  the  following  det  rimental  features: 

•  stress  Concent  rat  ions  and  taying  surface  contacts  that  crack  and  wear  away  tb.e  pr  I'l  ec  t  iw svsteras 

•  ere',  ices  for  !1!oiT^lllre  entrapment 

•  possible  galvanic  couples  when  steel  or  titanium  fasteners  are  used 

•  latigue  critical  locations,  e.g.  fastener  holes  and  their  vicinities. 

!n  the  past  a  varieti'  ot  corrosion  fatigue  tests  have  been  conducted  with  alnmliilcim  alloys.  Ne.tric  .ilwavs 
tile  vesult.s  have  indic.iced  environmental  effects  to  be  significant.  However,  few  invest  tgal  i. us  have 
included  the  testing  oi  critical  structural  details,  such  as  ioints,  under  re.ilistic  cvc'.ic  i'.id  hi-t  ries 
.»nd  in  simulated  service  env  i  r<-'nmeni  s .  Fvmh  fewer  have  Considered  the  el  ted  iveness  o{  various  corrosion 
protection  systems.  t‘i>iiseq'jent  1  v ,  a  duta  base  for  assessing  tiie  influence  <■{  lorrosi.:.  on  the  fatigue  life 
of  aircrati  structures  has  not  been  acquired. 

In  recognition  of  this  st.ttv  of  altairs  it  was  decided  at  tfie  awili  Meeting  oi  ihe  At.AKD  •■tructures  ao.il 
Materials  Ranel  in  April  1^7'  to  form  a  Sub-il  *mmi  t  tee  and  app..'int  Enropean  and  North  Americat'.  coi-rti  i  tin  1 1  r  s 
for  .<  -.'i 'I'pe  ra  t  t  ve  pr’'gramme  on  cort'«>sion  t.itigue  ot  .ier>'spaCe  materials  of  p.jrlicular  interest  t'  ti;e  'hMi 
Lotuitrie.s,  At  th.ii  time  the  objectives  vf  the  programme  were  t*.>rnnlated  as  ic’llows: 

•  a.ssesstiient  ot  tliv  el  feet  ivene.-s  of  .s  t  at  e-*' f -ihe-a  r  i  protect  oui  sciiemes  for  aluminium  allovs  with 
resj'eot  t  '  corrosion  latigue  ai;d  oorrv>s:on  +  ratigue 

•  St  imul.it  ion  the  development  't  new  ptot  ec  t ’.■‘‘t.  pr'-duits,  pr  tiiinres  and  tvchniijues 

•  bringing  together  re-searoher.s  on  both  si<tes  ■•i  tb.e  Atlatitlc  it;  .•i  cotomon  letting  effort  chat  would 
result  in  a  better  \inde  r  St  and  l  ng  of  the  .  or  r  •  i -.jn  t.uigue  phenorce::*';:  and  the  means  ot  mltisaling  it 
tor  aerospace  siruttural  materials 

•  enabling  participating  l.iborat'>r  ies  to  .jdd  to  their  i.itigne  testing  capabilities  by  u.sing  a 

controlled  .Jtroospherio  ;-.>rr<-s  i'-i;  env  i  ror.meni . 

Ihe  Lujope  rat  ive  programme  was  planned  to  he  r.iriivd  out  in  f-o'  stages.  The  first  stap,w  was  Ci,i  be  a  core 
prograntne  •<(  round-iobin  testifig  t*  esi.ibli.>ih  vliether  p.irt  iv  iparts  cotild  obtain  confidence  in  <'ne  anotiier's 

f.-»tigue  testing  c.<pab  i  i  i  t  i  es.  At  the  s.me  time  this  core  prngr.mme  was  designed  to  be  sitf  f  iolent  I 

straighttorwiird  C’  en«.>urage  par  t  i  c  1  p.u  1  .'n ,  p.j  rt  i  cu  I  ar  1  /  by  those  wltl  relatively  little  experience  oi 
corri's  ion  tat  igue  test  tng. 

or’gjiialiy  there  were  eight  p.ir  I  i  c  j  pant  s  to  the  c^-re  programme,  which  was  completed  in  l“bl  and 

published  .IS  an  AC.ARD  report,  r.-ivrenre  However,  since  Chat  time  two  more  participants  !i.»ve  c.irrief) 

out  core  progr.imme  testing.  Ihe  results,  tv>getfier  with  "fine  tuning"  of  the  statistical  methods  u.sed  to 
analyse  the  core  progr.tmine  <lata,  warr.iiu  a  reassessment  of  the  core  pr<*grammt*.  Tliis  reasses-sivent  is 
presented  In  Part  II  of  this  report. 

The  second  .stage  of  the  cooperative  programme  was  t.?  consist  of  supplemental  testing  directed  to  the 
requirements  of  individual  participants  but  still  with  much  commonality.  This  sev-und  stage  also  involved 
ten  participants,  four  of  wijom  had  not  taker,  part  U;  tiie  ci*re  progrtnuae,  and  was  completed  ic,  198^.  The 
results,  in  the  form  of  contributions  bv  the  participants,  ais.  presenteo  in  Parc  lii  or  Celts  report. 

A  summary  evaluation  of  the  entire  programme  Is  given  in  Part  IV.  In  this  part  the  coordinators  have 
endeavoured  to  establish  conm^r.  trends  i  rora  the  results  In  order  to  place  them  in  a  broader  context. 
HecoDHDendat  ions  for  further  Investigation  are  made  also. 


2.  OVERVIEW  OF  THF  Ci'RF  PROORAMMK  fCFCTP) 

The  core  programme  of  round-robin  testing  was  entitled  the  Corrosion  Fatigue  iooperative  Testing 
Programme,  hereinafter  referred  to  as  the  CFCTP.  An  overview  of  tlie  CFCTP  is  given  in  table  I.  The  CFi'IP 
specified  Identical  conditions  tor  the  following  parameters: 


•  material  and  heat  treatment:  7073-T76  aluminium  alloy  sheet 

•  specimen  configuration:  li  dogbone  joint 

•  protection  system:  chromate  conversioii,  primer  and  topcoat 

0  mechanical  testing:  static  prestressing  and  fatigue  (constant  amplitude  only) 

•  environments:  pre-exposure,  fatigue  and  corrosion  fatigue. 

To  achieve  these  identical  conditions  it  was  necessary  to  obtain  a  batch  of  7075-T76  alumlnitiiD  aliov 
from  one  heat,  to  manufacture  all  prlor-to-assembly  specimen  parts  at  one  location,  to  apply  the  protect  Ion 
system  and  assemble  the  specimens  at  one  location,  and  co  prepare  a  technical  manual  for  nechanlcal  .ird 
environmental  testing. 

The  technical  manual  was  published  in  reference  (I).  An  impression  of  its  scope  and  the  kind  of  detail 
necessary  to  try  and  ensure  Identical  testing  conditions  is  provided  by  the  summary  in  table  d.  Must  ot  the 
chapter  headings  are  self-evident,  but  the  c^'M  box  requires  some  explanation.  This  is  an  environmental 
chamber  for  statically  loading  the  specimens  at  low  temperature  In  order  to  crack  the  protection  system 
(paint)  near  the  fasteners. 

As  indicated  in  the  introduction,  the  main  purpose  of  the  CFCTF  core  prograirjne  was  to  establish 
whether  participants  could  obtain  confidence  in  one  another's  fatigue  testing  capabilic ies ,  with  the  added 
dimension  of  a  controlled  atmosphetic  corrosion  environment.  That  is  to  say,  results  from  all  par  t  ic  i  pvjnt  s 
were  to  be  analysed  to  determine  whether  one  or  more  laboratories  had  obtained  data  significantly  diiterent 
from  those  of  the  remaining  laboratories. 


3.  UVtlRVIEW  OF  THE  SUPPLfcMtNTAL  PROGRAMME  (FACT) 

The  supplemental  programme  was  entitled  Fatigue  in  Aircraft  Corrosion  Testit\g  (FACT).  This  programme 
was  included  so  that  individual  participants  could  investigate  corrosion  fatigue  problems  oi  particuUr 
relevance  to  their  own  interests  and  yet  within  a  broader  context.  To  achieve  this  it  was  emphasized  :h„t 
testing  should  be  done  with  as  much  commonality  as  possible.  In  particular,  it  was  recommended  chat 

•  Che  same  specimen  configuration  (IJ  dogbone  joint)  be  used  as  for  the  CFCTP  core  programme 

•  mechanical  testing  conditions  be  identical 

•  environmental  conditions  (pre-exposure,  fatigue  and  corrosion  fatigue)  be  identical  to  those  for 
the  CFCTP 

0  efforts  be  made  to  obtain  materials  of  mutual  interest  from  one  heat. 


Concerning  the  first  three  points  the  technical  manual  required  for  the  CFCTP  also  included  supplemental 
testing  guidelines  for  specimen  manufacture,  application  of  protection  systems,  specimen  assembly, 
pre-exposure,  and  fatigue  and  corrosion  fatigue  under  flight  simulation  loading,  see  table  2. 

An  overview  of  'he  FACT  prograonne  Is  given  In  table  J.  There  were  ten  participants.  Four  had  not  taken 
part  in  the  CFCTP  tr.'  programme,  namely 

(1)  SAAB-SCAl^IA  Aerospace  Division,  Llnkdping,  Sweden. 

(2)  Delft  University  of  Technology  LRTH,  Delft,  The  Netherlands. 

(3)  Industri -a ’lagen-Betrlebsgeseilschaf t  lABC,  Ottobrunn,  Germany. 

(4)  National  Research  Council  NRC,  Ottawa,  Canada. 


Table  3  shows  similarities  and  commonalities  In  the  individual  programmes.  Most  participants  tested 
li  dogbone  specimens  under  nominally  ld»*ntlcal  mechanical  and  environmental  conditions.  The  latigue 
loadings  were  constant  amplitude,  as  in  the  CFCTP,  the  manoeuvre  spectrum  FALSTAFF  (references  2-4)  and  the 
gust  spectrum  MINITWIST  (referenc  ■  5).  The  environmental  conditions  generally  included  two  or  mere  of  chose 
in  the  CFCTP.  Notable  exceptions  were  in  the  SAAB  and  NRC  programmes. 


The  main  interest  of  several  participants  was  to  compare  -  in  their  individual  programmes  -  the 
enviroiunental  fatigue  properties  of  a  number  of  aluminium  -Hoys  in  various  tempers.  However,  owing  to  the 
callbratory  function  of  the  CFCTP  and  the  participants'  active  cooperation  ir.  obtaining  Che  many 
similarities  and  commonsHtl  »s  within  the  FACT  programme,  it  was  possible  to  make  inter-participant 
comparisons  of  materials,  protection  systems  and  fasteners  as  well.  Furthermore,  the  total  testing  effort 
provided  many  data  for  comparing  environmental  fatigue  effects  under  constant  amplitude  and  FALSTAFF 
loading,  the  latter  being  a  realistic  cyclic  load  history  for  tactical  aircraft. 


In  retrospect  we  consider  the  objectives  of  the  CFCTP  and  FACT  programmes  to  have  been  achieved, 
though  ouch  remains  to  be  done  to  increase  the  understanding  of  aircraft  corrosion  fatigue  and  the 
effectiveness  of  protection  systems.  We  hope  this  report  will  encourage  further  investigation  in  this 
difficult  and  challenging  area  of  aerospace  technology. 
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T.VBLE  1:  OVERVIEW  OF  THE  CFCTP  CORE  PROGRAMME 


•  5.2  mm  thick  7075'T76  aluminium  alloy  sheet 


•  Chromate  conversion  +  inhibited  epoxy  polyanti<le  primer 
(except  fastener  l>oles)  +  allpiiatic  poIyuretSi.ine  topcoat 


•  Two  stress  cycles  at  low  temperature  (2<>^  ♦  10  K)  to  crack  primer  and 
paint  around  the  fastener  heads 


•  Constant  amplitude.  S  .  /S  -  0.1 

mni  max 

•  Laboratory  air;  5  %  aqueous  NaCl  salt  sprav  will;  pH  U  at  295  K 

•  72  hours  in  5  %  aqueous  NaCl  4  SO^  at  31^  K 


SCHEDULES 

NUMBER  OF 

SPECIMENS 

CYCLE 

S  -  210  MPa 

max 

S  -  144  MPa 

max 

FREiiUENCY 

Fatigue  in  air 

4 

4 

Pre-exposure  *■ 
fatigue  in  air 

4 

:  Mt 

Fatigue  in  salt 
spray 

4 

Pre • exposure  + 
fatigue  in  salt 
spray 

4 

b.3  H:; 

Fatigue  lives  and  priroaiy  fatigue  origin.s 


(1)  Naval  Mr  Development  Centre  NADC  .  Warm  in.ste  r  .  Ponn.syl  vani  a  USA. 

(2)  University  of  Saskatchewan.  Saskatoon,  Canada. 

(3)  Vought  Corporation.  Dallas.  Texas,  USA. 

(^)  Air  Force  Wright  Aeronautical  Laboratories  AFk^\L.  Dayton,  Ohio, 
USA. 

(3)  National  Aerospace  Laboratory  NIJl.  Emmeloniii .  The  No  t  in' i  1  .iruis 
(6)  Deutsche  Forschungs-  und  Versuclusanstal  t  fur  Lufr-  uiul  K.rimfahrt 
DFVIJI.  Cologne.  Germany. 

(/)  Norwegian  Defence  Research  Establishment  NDKE,  Kjeller,  N'oiw.iv 

(8)  Royal  Aircraft  Establishment  RAE.  Farnboi  our.h .  United  Kingdom. 

(9)  University  of  Toronto  SIFFRi..  Toronto.  Caii.ida 

(10)  University  of  Pisa.  Pi.sa.  Italy. 


TABLE  2:  SUMMARY  OF  THE  TECHNICAL  MANUAL  FOR  THE  CFCTP  CORE  PROGRAMME  AND  ALSO  SUPPLEMENTAL  TESTING 
(THE  FACT  PROGRAMME) 


TABLE  OF  CONTENTS 


1.  INTRODUCTION 


PROGRAMME  OVERVIEW 


2.1 

Core  Programme 

2.1  1  Core  programme 
2.1.2  Test  schedules 

phases 

2.2 

Supplemental  Testing 

2.2.1  Mechanical  test  conditions 

2.2.2  Pilot  tests 

2.3 

Milestones 

SPECIMEN 

3.1 

Configuration 

3.2 

Fastener  Holes 

3.3 

Fasteners 

3. A 

Corrosion  Protection 

and  Assembly 

3.A.1  Core  programme 

specimens 

3.5  Sealing  of  Edges  and  Hi-Lok  Collars 

A.  CLAMPING-IN 
A.l  Grips 

A. 2  Bushings  in  Specimen  Clamping  Holes 
A, 3  Clamping'in  Procedure 
A. A  AlignmenC  Guidelines  for 
Electrohydcaulic  Machines 

5.  ADDITIONAL  GUIDELINES  FOR 
ELECTROHYDRAULIC  MACHINES 

5.1  Performance 

5.2  Static  Calibration 

5.3  Dynamic  Calibration 

5. A  Hydraulic  Shut-off  Effects 

5.5  Electromagnetic  Interference  Effects 


7.  PRE-EXPOSURE  CHAMBERS  AND  PROCEDURE 

7.1  Core  Programme  Chamber 
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part  II 

REASSESSMENT  OF  THE  CFCTP  CORE  PROGRAMME 


1.  INTRODUCTION 

The  CFCTP  core  progr^nmie  consisted  of  round**robin  testing  whose  primary  purpose  was  to  establish 
whether  participants  could  obtain  confidence  in  one  another's  fatigue  testing  capabilities  with  the  added 
dimension  of  a  controlled  atmospheric  corrosion  environment.  The  programme  was  designed  to  be  sufficiently 
straightforward  to  encourage  participation,  particularly  by  those  with  relatively  little  experience  of 
corrosion  fatigue  testing. 

Originally  there  were  eight  participants  to  the  CFCTP.  The  results  were  published  in  an  ACARD  report 
in  1982  (reference  1).  Since  then  two  more  participants  completed  the  core  programme.  The  results  have 
been  included  in  a  reassessment  of  the  CFCTP.  This  reassessment  Involves  "fine  tuning"  of  the  statistical 
methods  originally  used  to  analysed  the  CFCTP  data  and  is  presented  here. 


2.  DESCRIPTION  OF  THE  CFCTP  CORE  PROGRAMME 

An  overview  of  the  CFCTP  core  programme  is  given  In  table  1.  The  CFCTP  specified  identical  conditions 
for  Che  following  parameters:  material  and  heat  treatment,  specimen  configuration,  protection  system, 
mechanical  testing  and  environmental  conditions.  These  parameters  are  discussed  in  more  detail  in  sections 

2.1  -  2.4.  Summaries  of  the  test  procedure  and  statistical  methods  for  analysing  the  results  are  given  in 
sections  2,5  and  2.6. 

2.1  Material  and  Specimen  Conf iguracion 

The  material  was  3.2  mm  thick  7075«‘T76  bare  aluminium  alloy  sheet  from  one  heat  and  supplied  by  ALCOA 
especially  for  the  CFCTP.  The  engineering  properties  were  specified  as  follows: 


0.2  X  YIELD  STRESS 

UTS 

ELONGATION 

CONDUCTIVITY 

479  MPa  (max) 

455  MPa  (min) 

550  MPa  (max) 
541  MPa  (min) 

11.0  X 

38  Z  I.A.C.S. 

Figure  1  shows  the  specimen  configuration.  This  was  recommended  for  the  FACT  supplemental  programme 
also.  The  specimen  is  a  ij  dogbone  mechanically  fastened  by  cadmium  plated  steel  Hl-Loks.  It  was  designed 
CO  simulate  the  load  transfer  and  secondary  bending  characteristics  of  runouts  of  stiffeners  attached  to 
Che  outer  skin  of  an  airframe  structure.  The  design  goals  were  a  load  transfer  of  40  X  and  a  secondary 
bending  ratio  of  0.5  (reference  2).  These  characteristics  have  been  checked  and  the  actual  values  are 
generally  lower,  see  Appendix  I. 

All  prlor-to-assembly  specimen  blanks  for  the  CFCTP  were  manufactured  in  one  batch  by  the  U.S.  Air 
Force  Wright  Aeronautical  Laboratories  AFWAL.  The  fastener  holes  of  all  specimens  for  the  first  eight 
participants  listed  in  cable  1  were  drilled  to  press  fit  dimensions  in  one  batch  at  the  U.S.  Naval  Air 
Development  Centre  NADC.  However,  to  enable  the  remaining  two  participants  to  complete  the  core  programme 
it  was  necessary  to  disassemble  some  interference  fit  supplemental  programme  specimens,  redrlll  to  press 
fit  dimensions  and  reassemble.  It  turned  out  that  this  procedure  significantly  influenced  the  fatigue 
results,  as  will  be  discussed  in  section  3.2. 

2.2  Protection  System  and  Specimen  Assembly 

Application  of  the  CFCTP  protection  system  and  specimen  assembly  were  done  by  the  NADC  as  follows: 

•  chromate  conversion  coating  on  all  surfaces 

•  inhibited  epoxy  polyamide  primer  on  all  surfaces  except  fastener  holes 

•  assembly  of  fatigue  specimen  -1  and  half  plate  -2  with  Hl-Lok  fasteners  and  collars,  see  figure  I 

•  Inhibited  epoxy  polyamide  primer  on  fastener  head  and  collar  areas 

•  aliphatic  polyurethane  topcoat  on  all  exterior  surfaces. 

The  specimens  were  Chen  wrapped  individually  and  shipped  in  batches  to  the  participants. 

2.3  Mechanical  Testing  Conditions  (Static  Prestressing  and  Fatigue) 

All  stresses  were  defined  in  terms  of  the  total  cross-'section  of  the  fatigue  specimen  -1  at  Che 

location  of  the  centreline  between  Che  Kl-Lok  fasteners,  i.e.  the  fastener  holes  were  included  in  the 

cross-sectional  area. 

Before  environmental  exposure  and  fatigue  testing  the  CFCTP  specimens  were  prestressed  in  cold  boxes 
at  209  t  10  K  by  applying  two  quasi-static  load  cycles  up  to  a  maximum  stress  of  215  MPa.  The  purpose  was 

to  crack  the  primer  and  paint  realistically  in  Che  fastener  head  areas. 


s 


Fatigue  testing  was  done  using  constant  amplitude  sinusoidal  loading  with  a  stress  ratio  R  ■  ^mln^^max 

ot  0.1.  It  was  decided  to  test  at  two  stress  levels  giving  nominal  fatigue  lives  of  20»000  and 
100,000  cycles  for  uncorroded  specimens  fatigued  in  laboratory  air.  From  pilot  tests  (reference  1)  Che 
following  fatigue  stress  levels  were  established  for  the  CFCTP: 


NOMINAL  UNCORRODED  FATIGUE  LIFE 

S 

max 

S  , 
min 

20,000  cycles 

100,000  cycles 

210  MPa 
lAA  MPa 

21  MPa 

lA.A  MPa 

2. A  Environmental  Conditions  (Pre>expo8ure.  Fatigue  and  Corrosion  Fatigue) 

There  were  four  testing  schedules  for  the  CFCTP,  see  also  table  1: 

•  fatigue  in  air,  cycle  frequency  2  Hz 

•  pre-exposure  +  fatigue  in  air  at  2  Hz 

•  fatigue  in  salt  spray,  cycle  frequency  0.5  Hz 

•  pre-exposure  +  fatigue  in  salt  spray  at  0.3  Hz. 

Specimens  to  be  pre-exposed  and/or  fatigued  in  salt  spray  were  sealed  at  faying  surface  side  edges  and 
Hi-Lok  collars  in  order  to  prevent  corrosion  except  in  the  fastener  head  areas.  Pre-exposure  was  for  72 
hours  in  5  Z  aqueous  NaCl  salt  solution  to  which  a  predetermined  amount  of  SO^  gas  was  added  by  reacting 
Na^SO^  pellets  with  H2S0^.  This  reaction  was  accomplished  in  vented  test  cubes  suspended  above  Che  salt 

solution,  which  was  maintained  at  a  temperature  of  315  ±  2  K. 

For  fatigue  testing  all  specimens  were  electrically  Insulated  from  the  loading  grips  and  bolts  by 
polymeric  liners  and  bushings.  The  environments  were  laboratory  air  and  5  Z  aqueous  NaCl  salt  spray 
acidified  with  H.SO^  to  pH  A,  both  at  a  nominal  temperature  of  295  K.  The  salt  spray  tests  were  done  in 
specially  constructed  cabinets,  fully  described  in  reference  (1). 

2.5  Suoniary  of  the  Test  Procedure 

A  schematic  summary  of  the  CFCTP  test  procedure  Is  shown  In  figure  2.  This  gives  some  idea  of  the 
complexity  of  even  a  fairly  scraighcforvard  programme,  which  is  why  a  technical  manual  was  prepared  as 
already  mentioned  in  Part  I  of  this  report.  The  technical  manual  is  published  in  reference  (1). 

One  part  of  the  test  procedure  was  modified  after  analysis  of  results  from  the  original  eight 
participants.  The  technical  manual  had  specified  fatigue  testing  as  soon  as  possible  after  pre-exposure 
and  cleaning,  with  desiccator  storage  only  If  delay  were  unavoidable.  However,  this  was  later  amended  to 
require  desiccator  storage  for  at  least  one  week  after  cleaning.  In  order  to  ensure  the  specimens  were 
completely  dry  before  fatigue  testing. 

2.6  Summary  of  the  Statistical  Methods  for  Data  Analysis 

A  detailed  description  of  Che  staClstical  methods  used  to  analyse  Che  CFCTP  fatigue  life  and  primary 
fatigue  origin  data  is  given  in  Appendix  II.  Statistical  analysis  was  done  with  the  primary  purpose  of 
checking  whether  participants  could  have  confidence  in  one  another's  fatigue  testing  capabilities,  i.e. 
the  results  were  analysed  primarily  to  determine  whether  one  or  more  laboratories  had  obtained  data 
slgnif IcanCly  different  from  those  of  the  remaining  Isboratorles.  The  statistical  analysis  also  had 
several  secondary  purposes,  namely  to  determine 

•  whether  pre-exposure  was  significant  for  subsequent  fatigue  life  in  air  or  salt  spray 

•  whether  the  effect  of  fatigue  in  salt  spray,  with  or  without  pre-exposure,  was  significant  compared 
to  fatigue  in  air  with  or  without  pre-exposure 

•  whether  there  were  significant  differences  between  laboratories  in  the  relative  effects  of  pre- 
exposure  and/or  fatigue  in  salt  spray  (this  Is  part  of  the  primary  purpose) 

•  whether  the  sample  size  (A  specimens  per  test  condition  per  participant)  was  sufficient  and  whether 
there  were  noticeable  differences  In  data  scatter  between  laboratories  and  fatigue  testing 
schedules 

•  whether  there  were  relationships  between  the  locations  of  primary  Fatigue  origins,  fatigue  stress 
levels,  environmental  conditions  and  fatigue  lives. 

A  survey  of  the  statistical  methods  and  procedure  is  given  in  figure  3.  The  fatigue  life  data  were  first 
checked  for  normality  and  homogeneity  of  variances  (approximate  compliance  with  these  conditions  is 
sufficient)  as  a  prerequisite  to  further  treatment.  The  main  statistical  analysis  was  multiple  factor 
analysis  of  variance.  This  was  followed  by  "fine  tuning"  using  the  least  significant  difference  test  or 
Duncan's  new  multiple  range  test  (references  3,  A).  To  avoid  possible  misuse  the  least  significant 
difference  test  was  applied  only  when  analysis  of  variance  Indicated  significant  effects.  In  addition, 
scatter  in  the  data  was  used  to  check  for  adequate  sample  size  (four  specimens  per  test  condition  per 
participant)  according  to  a  method  described  in  reference  (5). 


The  primary  fatigue  origin  data  were  analysed  using  the  test  of  independence,  Yates'  corrected 
test  or  Fisher's  exact  test,  whichever  was  appropriate.  For  these  tests  it  Is  sufficient  to  assume  only 
that  the  data  constitute  a  random  sample  (reference  6).  These  tests  were  also  used  (as  appropriate)  to 
check  whether  there  were  significant  correlations  between  fatigue  lives  and  primary  origins  for  each  test 
condition. 


3.  RESULTS 

The  CFCTP  core  programme  fatigue  life  and  primary  fatigue  origin  results  are  compiled  in  table  2, 
which  also  indicates  the  originally  Interference  fit  specimens  that  were  disassembled,  redrilled  to  press 
fit  dimensions  and  reassembled.  The  primary  fatigue  origin  data  are  those  obtained  by  one  of  the  programme 
coordinators  (R.J.H.W.),  who  also  supplied  the  remarks  concerning  fatigue  fracture  surfaces  of  pre-^exposed 
specimens  tested  in  air. 

The  fatigue  life  results  are  presented  and  statistically  analysed  In  sections  3.1  and  3.?  respect- 
Ively.  This  is  followed  by  presentation  and  statistical  analysis  of  the  primary  fatigue  origin  data  in 
section  3.3,  Correlations  between  fatigue  lives  and  primary  fatigue  origins  are  discussed  in  section  3.4. 

3.1  Presentation  of  Fatigue  Life  Data 

The  fatigue  life  data  are  presented  in  figures  4  and  5  in  terms  of  log  mean  life  and  data  range  for 
each  fatigue  testing  schedule  and  for  each  participant.  There  is  a  clear  separation  of  the  data  with 
respect  to  stress  level,  as  expected.  Figure  5  shows  a  general  tendency  for  shorter  lives  owing  to  fatigue 
in  salt  spray  with  or  without  pre-exposure,  thougn  individual  trends  vary. 

3.2  Statistical  Analysis  of  Fatigue  Life  Data 

3.2.1  Checking  for  normality 

In  checking  for  normality  the  CFCTP  core  programme  data  were  considered  to  belong  to  eight  different 
populations  corresponding  to  each  of  the  four  fatigue  testing  schedules  in  combination  with  each  of  the 
two  stress  levels.  The  teat  for  goodness  of  fit  (references  6,  7  and  see  Appendix  II)  showed  chat  data 

for  six  of  Che  populations  were  log-normally  distributed  and  data  for  Che  ocher  two  (fatigue  in  air  with 
^max  "  pre-exposure  +  fatigue  in  air  with  •  144  MPa)  were  approximately  log-normal.  A 

subjective  impression  of  these  results  is  provided  by  the  logarithmic  normal  probability  plots  in  figure 
6.  Because  of  Che  log-normal  distributions  all  further  statistical  treatment  of  the  data  used  Che 
logarithms  of  the  fatigue  lives. 

3.3.2  Checking  for  homogeneity  of  variances 

As  shown  In  figure  3,  the  Box  test  (reference  8)  was  used  to  check  for  interlaboratory  differences  in 
variances.  To  do  this  the  data  from  different  laboratories  were  considered  to  come  from  different 
populations.  This  resulted  in  eighty  populations  corresponding  to  data  from  each  of  the  ten  participants 
for  each  of  Che  four  fatigue  testing  schedules  in  combination  with  each  of  the  two  stress  levels.  The  Box 
test  results  are  summarised  In  table  3.  The*‘e  were  two  very  slight  violations  and  one  moderate  violation 
of  Che  criterion  for  homogeneity  of  variances. 

The  Bartlett  test  (reference  8)  was  used  to  check  for  differences  In  variances  between  fatigue  test 
conditions.  To  do  this  the  data  for  each  fatigue  testing  schedule  and  stress  level  were  treated  as  coming 
from  Che  same  population,  l.e.  no  distinction  was  made  between  the  data  from  different  laboratories.  In 
view  of  the  Box  test  results  this  assumption  is  not  strictly  correct.  However,  It  is  considered  justified. 
The  Barlett  test  results  are  summarised  in  Cable  4.  There  were  three  moderate  violations  of  Che  criterion 
for  homogeneity  of  variances. 

As  mentioned  in  section  2.6,  approximate  compliance  with  Che  requirement  of  homogeneity  of  variances 
is  sufficient  for  further  statistical  analysis.  In  the  present  wcrV  the  main  technique  of  statistical 
analysis  was  multiple  factor  analysis  of  variance.  This  Is  a  very  robust,  l.e.  "forgiving",  technique. 
Thus  the  results  summarised  In  Cables  3  and  4  were  considered  sufficient  for  continuing  the  statistical 
treatment  of  the  fatigue  life  data. 

3.2.3  Main  statistical  analysis:  analysis  of  variance 

Multiple  factor  (three-way)  analysis  of  variance  was  used  to  compare  the  CFCTP  core  progTamme  fatigue 
life  data  In  terms  of  the  experimental  variables  of  stress  level,  fatigue  testing  schedule  (environmental 
effects)  and  laboratory.  The  results  are  shown  in  table  3. 

According  to  Che  analysis  the  main  variables  of  stress  level,  fatigue  testing  schedule  and  performing 
laboratory  all  had  significant  effects  on  the  fatigue  lives  of  the  specimens.  The  significant  effect 
attributable  Co  stress  level  and  fatigue  testing  schedule  were  anticipated  from  the  way  the  CFCTP  core 
programme  was  planned.  However,  determination  of  whether  there  were  significant  effects  attributable  to 
differences  between  laboratories  was  the  primary  purpose  of  the  core  programme. 

A  significant  effect  was  also  indicated  for  the  interaction  between  stress  level  and  fatigue  testing 
schedule.  This  means  that  the  stress  level  and  fatigue  testing  schedule  significantly  affected  the  fatigue 
lives. 

3.2.4  "Fine  tuning"  with  the  least  significant  difference  test 

As  shown  in  figure  3,  significant  effects  indicated  by  analysis  of  variance  were  Investigated  in  more 
detail  ("fine  tuning")  using  the  least  significant  difference  test.  However,  this  was  not  necessary  for 
the  effect  of  stress  level:  since  there  were  only  two  stress  levels  it  is  obvious  that  the  significant 
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difference  Is  between  them.  T>)U6  the  significant  effects  investigated  were 

•  environment 

•  laboratory 

•  stress:  environment. 

In  the  first  instance  the  fatigue  life  data  from  all  ten  participants  were  analysed.  This  showed  that 
data  from  two  participants  (SIFFRt  and  the  University  of  Pisa)  were  slgnif icancly  different  from  the  rest. 
Because  SIFFRL  and  the  University  of  Pisa  were  the  only  participants  to  have  tested  specimens  that  had 
been  disassembled,  redrllled  to  press  fit  dimensions  and  reassembled  (see  table  2)  it  was  decided  to 
conduct  an  additional  analysis  oalttlng  the  data  for  these  specimens.  The  results  are  given  in  table  6. 
Note  that  omission  of  data  for  reassembled  specimens  resulted  in  unequal  sample  sizes,  so  that  a  modified 
version  of  the  least  significant  difference  test  had  to  be  used.  This  modified  version  of  the  test  is  also 
discussed  in  Appendix  II. 

Table  6  shows  the  following: 

(1)  The  effects  of  different  fatigue  testing  schedules  (environmental  effects)  were  significant  and 
consistent  at  both  stress  levels.  The  effect  of  pre-exposure  was  similar  to  that  of  changing  the 
fatigue  environment  from  air  to  salt  spray. 

(2)  The  SIFFRL  and  University  of  Pisa  data  were  significantly  different  from  the  ocher  participants' 
data. 

(3)  A  slgnif  leant  interlaboratory  difference  was  also  found  between  the  AFWAL  dafs  and  rh'>se  fv.-  the 
University  of  Saskatchewan,  Vought,  DFVLR  and  NDRE. 

3.2.5  "Fine  tuning"  with  Duncan's  new  multiple  range  test 

As  sho«m  in  figure  3,  Duncan's  new  multiple  range  test  was  used  to  investigate  in  more  detail  the 
experimental  variables  (in  the  present  case  their  interactions)  that  were  not  found  to  be  significant  by 
analysis  of  variance.  These  interactions  were 

«  stress:  laboratory 

s  environment:  laboratory 

•  stress:  environment:  laboratory. 

As  before,  it  was  found  chat  the  SIFFRL  and  University  of  Fisa  data  were  significantly  different  from  the 
rest.  Thus  Che  fatigue  life  data  were  analysed  both  with  and  without  data  for  specimens  Chat  had  been 
disassembled,  redrllled  to  press  fit  dimensions  and  reassembled  (see  Cable  2).  Table  7  lists  significant 
differences  indicated  by  Duncan's  test,  which  in  the  case  of  omitting  data  for  reassembled  specimens  was 
modified  because  of  unequal  sample  sizes.  This  modified  version  of  the  test  is  also  discussed  in 
Appendix  11. 

Table  7  shows  the  following: 

(1)  A  clear  indication  that  the  SIFFRL  and  University  of  Pisa  data  were  significantly  different  from 
the  other  participants'  data. 

Excluding  the  SIFFRL  and  University  of  Pisa  data, 

(2)  At  S  -  U4  MPa  there  were  significant  differences  between  the  AFWAL  total  log  mean  fatigue 
life  and  chose  for  the  DFVLR  and  NDRE. 

(3)  There  were  some  significant  differences  in  log  mean  fatigue  lives  for  the  fatigue  testing 
schedules  of  pre-exposure  +  fatigue  in  air  and  fatigue  in  salt  spray.  In  more  detail  these 

significant  differences  were  found  only  for  S  -  210  MPa. 

max 

3.2.6  Checking  for  adequate  sample  size  and  differences  in  data  scatter 

Scatter  in  the  CFCTP  core  programme  fatigue  life  data  was  used  to  check  for  adequacy  of  sample  size 
(four  specimens  per  test  condition  per  participant).  The  method  used  is  due  to  Llpson  and  Sheth  (refer¬ 
ence  5)  and  involves  selecting  an  acceptable  error  level,  usually  5  X  or  10  Z,  and  finding  the  required 
sample  size  for  a  particular  confidence  level.  The  sample  size  check  has  two  purposes,  namely 

s  to  find  the  combination  of  error  and  confidence  levels  for  which  the  actual  sample  size  was 
sufficient 

e  Co  give  an  indication  of  differences  In  data  scatter  between  laboratories  and  fatigue  test 
conditions. 

The  actual  sample  size  was  sufficient  for  the  combination  of  10  X  error  and  90  X  confidence  levels  except 
for  one  case:  pre-exposure  +  fatigue  in  air  at  -  144  MPa  by  the  University  of  Pisa.  There  was  thus  a 

generally  low  scatter  in  the  data  and  high  reproducibility  of  the  specimens  and  testing  conditions  for 
each  participant. 

To  indicate  differences  in  data  scatter  the  required  sample  sizes  were  determined  for  the  combination 
of  5  Z  error  and  90  Z  confidence  levels  and  are  shotm  in  table  8.  The  shaded  regions  denote  exceedance  of 
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the  actual  sample  size,  and  since  a  larger  required  sample  size  reflects  greacer  scatter  the  results 
indicate 

(1)  More  persistent  scatter  for  the  RAE  data. 

(2)  The  amount  of  scatter  tended  to  increase  with  complexity  of  testing.  This  is  particularly 
noticeable  for  pre-exposure  -f  fatigue  in  salt  spray. 

(3)  For  pre-exposure  -f  fatigue  in  air  there  was  much  more  scatter  at  the  higher  maximum  stress  level 
of  210  KPa. 

3.3  Presentation  of  Primary  Fatigue  Origin  Data 

As  mentioned  at  the  beginning  of  section  3,  the  primary  fatigue  origin  data  are  compiled  in  table  2. 
In  the  last  column  of  this  table  there  are  remarks  concerning  specimens  pre-exposed  and  fatigued  in  air. 
Some  of  these  specimens  had  corroded  fracture  surfaces  near  and  at  the  primaty  latigue  origins.  Ti.ib 
Indicated  that  an  aqueous  solution  was  present  Inside  the  specimens  during  fatigue  testing,  even  though  a 
detailed  cleaning  and  drying  procedure  was  specified  to  follow  pre-exposure  (reference  1). 

Table  9  classifies  the  fatigue  life  and  primary  fatigue  origin  data  for  all  specimens  pre-exposed  and 
fatigued  in  air.  For  both  stress  levels  the  log  mean  fatigue  lives  of  corroded  specimens  were  significant¬ 
ly  shorter  than  chose  for  uncorroded  specimens.  This  was  confirmed  by  stacisClcal  analysis  that  omicted 
Che  data  for  interference  fit  specimens  disassembled,  redrilled  to  press  fit  dimensions  and  reassembled. 
The  statlsclcal  techniques  used  were  a  variance-ratio  test  to  check  for  homogeneity  of  variances  and  the 
t-statlstlc  evaluation  to  compare  two  means.  These  tests  are  described  in  references  (9,  10). 

It  is  concluded  chat  an  aggressive  aqueous  solution  was  present  inside  the  specimens  with  corroded 
rrj.clure  Host  probably  this  was  acidified  aqueous  NaCl  remaining  from  pre-exposure.  Information 

on  time  delays  between  cleaning  and  drying  pre-exposed  specimens  and  fatigue  testing  in  air  was  supplied 
by  the  participants.  There  was  no  strong  correlation  between  time  delays  and  subsequent  fatigue  lives  and 
corroded  fracture  surfaces.  However,  from  the  NtR  and  AFWAL  information  it  appeared  chat  storing  the 
specimens  for  several  days  in  desiccators  resulted  in  relatively  long  fatigue  lives  and  uncorroded 
fracture  surfaces,  see  cable  2.  This  was  considered  sufflcieut  ground  for  amending  the  cleaning  procedure 
to  require  desiccator  storage  for  at  least  one  week,  as  mentioned  in  section  2.5  and  specified  in  detail 
in  reference  (1).  This  amendment  was  made  only  after  CFCTP  core  programme  data  had  been  received  from  the 
original  eight  participants.  Of  the  remaining  two,  SIFFRL  included  desiccator  storage  but  the  University 
of  Pisa  fatigue  tested  the  specimens  immediately  after  cleaning.  Table  2  shows  that  corroded  fracture 
surfaces  were  not  found  for  the  SIFFRL  specimens  but  were  present  in  four  of  the  University  of  Pisa 
specimens.  This  is  additional  evidence  that  desiccator  storage  was  effective  in  drying  the  specimens 
completely. 

Despite  the  significant  effect  of  insufficient  drying  on  the  fatigue  lives  of  specimens  pre-exposed 
and  fatigued  in  air,  table  9  shows  there  was  no  essential  difference  in  the  locations  of  primary  fatigue 
origins  In  specimens  with  corroded  and  uncorroded  fracture  surfaces.  Thus  it  was  felt  that  all  the  fatigue 
origin  data  In  table  2  could  be  classified  together. 

3.3.1  Claeslf Icatloo  of  all  primary  fatigue  origins 

The  primary  fatigue  origin  data  are  classified  in  table  10.  The  table  has  four  sub-divisions,  which 
will  be  discussed  consecutively: 

(1)  Listing  the  total  numbers  of  each  type  of  primary  fatigue  origin  shows 

-  most  failures  began  in  the  bores  (E/Q)  or  at  the  bore/faying  surface  corners  (F/R)  of  fastener 
holes:  there  was  no  evident  preference  with  respect  to  outer  (E,F)  or  inner  (Q,R)  sides  of  the 
holes 

-  failures  at  faying  surfaces  (C/S)  occurred  mainly  to  the  outside  of  fastener  holes  (G)  probably 
because  the  proximity  of  free  edges  facilitated  relative  displacements  between  the  fatigue 
specimen  -I  and  half  plate  -2  (see  figure  1),  thereby  promoting  fretting  fatigue  initiation 

-  very  few  failures  Initiated  in  the  countersink  areas:  most  were  at  the  surface  edges  to  the 
outsides  of  fastener  holes  (B>. 

(2)  Listing  the  primary  fatigue  origins  for  specimens  tested  by  each  participant  reveals  some  Inter¬ 
laboratory  differences.  Possibly  the  most  significant  difference  is  that  specimens  tested  by 
SIFFRL  and  the  University  of  Pisa  had  more  bore/faylng  surface  corner  (F/R)  primary  origins  than 
specimens  from  other  participants. 

(3)  The  third  part  of  table  10  gives  a  complete  breakdown  of  the  locations  of  primary  fatigue  origins 
with  respect  to  stress  level  and  fatigue  testing  schedule. 

(4)  The  last  part  of  table  10  adds  up  the  total  numbers  of  primary  fatigue  origins  per  stress  level 
and  fatigue  environment. 

The  data  distribution  in  parts  (3)  and  (4)  of  table  10  reveals  a  predominant  effect  of  stress  level 
on  the  locations  of  primary  fatigue  Thiis  stress  level  has  Reen  treated  as  the  primary  variable  in 

preparing  figure  7,  which  supplements  table  10.  The  table  and  figure  show  that 


•  stress  level  had  a  major  effect: 


-  for  •  210  MPa  the  primary  fatigue  origins  were  mainly  in  the  bores  of  fastener  holes 

-  for  MPa  the  primary  fatigue  origins  were  mainly  at  the  bore/faying  surface  corners  and 

the  faying  surfaces 

•  the  effect  of  fatigue  environment  was  significant:  changing  from  fatigue  in  air  to  fatigue  in  salt 
spray  promoted  Initiation  in  the  bores  or  at  the  bore/faying  surface  corners  of  fastener  holes  and 
reduced  the  number  of  failures  initiating  at  the  faying  surfaces 

•  pre-exposure  resulted  In  several  effects: 

-  relatively  more  primary  fatigue  origins  in  the  bores  of  fastener  holes 

-  a  few  primary  fatigue  origins  at  the  surface  edges  of  countersinks 

-  slightly  fewer  primary  fatigue  origins  at  the  bore/faying  surface  corners  of  fastener  holes 

-  reduction  of  the  number  of  failures  iniciatine  at  the  faying  surfaces. 

The  effects  of  pre-exposure  and/or  fatigue  In  salt  spray  may  be  summarised  as  especially  promoting  failure 
initiation  In  the  bores  of  fastener  holes. 

3.3.2  Statistical  analysis  of  primary  fatigue  origin  data 

The  test  of  Independence  and  the  Yates'  corrected  test  were  used  to  determine  whether  there  was 
a  significant  association  between  the  locations  of  primary  fatigue  origins  and  the  experimental  variables 
of  stress  level  and  fatigue  testing  schedule  (environmental  effects).  The  SIFFRL  and  University  of  Pisa 
data  were  omitted  because  they  were  considered  non-representative.  The  results  are  suamarised  in  table  11. 
This  confirms  the  impression  gained  from  table  10  and  figure  7  that  both  stress  level  and  fatigue  testing 
schedule  had  significant  effects  un  the  primary  fatigue  origin  locations. 

Note  that  for  •  210  MPa  there  is  no  significant  association  between  environmental  effects  and 

primary  fatigue  origin  locations.  This  is  because  the  higher  stress  level  and  changing  from  fatigue  In  air 
CO  pre-exposure  and/or  fatigue  in  salt  spray  had  similar  effects  on  the  primary  fatigue  origin  locations, 
i.e.  promotion  of  failure  Iniclacioo  in  Che  bores  of  fastener  holes. 

3.4  Correlation  of  Fatigue  Lives  and  Primary  Origins  of  Fatigue 

Owing  Co  Che  results  of  the  staclsclcal  analysis  of  fatigue  lives,  section  3  2,  it  was  decided  to 
omit  Che  SIFFRL  and  Unlveralty  of  Pisa  data  from  the  correlation  of  faclbue  lives  a.id  primary  origins  of 
fatigue. 

Correlations  of  the  fatigue  lives  and  primary  fatigue  origins  for  the  original  eight  participants  in 
the  CFCTP  core  programme  are  given  In  table  12  and  figures  8  and  9.  Note  that  the  two  failures  at  the 

surface  edges  of  countersinks  (B)  for  pre-exposure  +  fatigue  in  air  at  S  ■  210  MPa  have  been  omitted 

max 

from  figure  8  since  there  were  no  similar  failures  for  other  fatigue  testing  schedules  at  the  same  stress 
level.  The  correlations  indicate  the  following: 

(1)  From  figure  8  it  Is  seen  that  there  are  no  generally  consistent  relations  between  primary  fatigue 
origin  locations  and  Che  fatigue  lives  for  each  test  condition.  However, 

-  for  fatigue  In  air  and  pre-exposure  +  fatigue  in  air  at  =  210  MPa  the  initiation  of 

failures  In  the  bores  and  at  the  bore/faying  surface  corners  of  fastener  holes  tended  to  result 
in  shorter  lives  than  failure  initiation  at  other  locations. 

-  for  fatigue  in  salt  spray  and  pre-exposure  +  fatigue  in  salt  spray  at  S  *  144  MPa  the 
InlClaclon  of  failures  at  the  bore/faying  surface  corners  of  fastener  holes  tended  to  result  in 
shorter  lives  than  failure  initiation  at  other  locations. 

(2)  From  figure  9  It  is  seen  that  for  S  =  144  MPa  the  effect  of  pre-exposure  and/or  fatigue  ip 
salt  spray  in  reducing  fatigue  life  was  more  pronounced  for  specimens  in  which  failure  Initiated 
at  the  bore/faying  surface  corners  of  fastener  holes  as  compared  to  other  locations. 

Yates'  corrected  test  (reference  II)  and  Fisher's  exact  test  (reference  12)  were  used  to  determine 
whether  there  were  statistically  significant  associations  between  the  locations  of  primary  fatigue  origins 
and  the  fatigue  lives  for  each  test  conditlonr  i.e.  each  combination  of  stress  level  and  fatigue  test  Inc 
bi.iieduie.  The  results  are  summarised  In  table  13.  A  significant  association  between  primary  fatigue  origin 
locations  and  fatigue  lives  was  found  only  for  fatigue  In  salt  spray  at  S  =  144  MPa.  This  agrees  with 
one  of  the  trends  noted  from  figure  8.  It  Is  concluded  that  the  other  thr^^^rends,  namely  an  association 
between  primary  fatigue  origin  locations  and  fatigue  lives  for  fatigue  In  air  and  pre-exposure  +  fatigue 

in  air  at  S  -  210  MPa  and  pre-exposure  +  fatieue  In  salt  sprav  at  S  “  144  MPa,  are  not  sufficiently 
max  max 

well-founded. 


4.  DISCUSSION 

4.1  Primary  Purpose  of  the  CPCTP  Core  Programme 

As  mentioned  at  the  beginning  of  this  Part  of  the  report,  the  primary  purpose  of  the  CFCTP  core 
programme  was  to  establish  whether  participants  could  obtain  confidence  In  one  another’s  fatigue  testing 
capabilities  with  the  added  dimension  of  a  controlled  atmospheric  corrosion  crnvironment . 

Statistical  analysis  showed  that  the  SIFFRL  and  University  of  Pisa  fatigue  life  results  were 
significantly  different  from  those  of  the  original  eight  participants.  A  partial  explanation  is  available. 
To  supply  the  University  of  Pisa  with  CFCTP-type  specimens  It  was  necessary  to  disassemble  interference 
tit  specimens,  redrill  to  press  fit  dimensions  and  reassemble.  This  procedure  apparently  caused 
significant  reductions  in  the  fatigue  lives,  especially  at  the  lower  stress  level  of  S  «  144  MPa.  These 
fatigue  life  reductions  may  well  be  related  to  an  increased  tendency  for  failure  to  Initiate  at 
bore/faying  surface  corners  of  fastener  holes  in  the  University  of  Pisa  specimens,  see  cable  10. 

In  the  case  of  the  SIFFRL  specimens,  only  six  had  been  disassembled,  redrilled  and  reassembled.  The 
rest  should  have  been  nominally  identical  to  the  first  batch  of  spc-imens  delivered  tr  ■  .riginal  *fght 
participants,  but  it  appears  they  were  not.  It  Is  worth  noting  chat  the  SIFFRL  fatigue  life  data  were 
significantly  different  from  chose  of  the  original  eight  participants  mainly  on  the  basis  of 
straightforward  fatigue  testing  In  air,  see  figure  4  and  tables  2  and  7.  This  means  that  the  source  of  the 
difference  is  unlikely  to  have  been  different  environmental  conditions  (pre-exposure  and/or  fatigue  In 
salt  spray). 

Excluding  the  SIFFRL  and  University  of  Pisa  fatigue  life  data  does  not  remove  all  the  significant 
differences  found  by  staClsClcal  analysis.  However,  the  remaining  significant  differences  were  few  and 
not  consistently  found: 

(1)  The  least  significant  difference  teat  indicated  a  significant  interlaboratory  difference  between 
the  AFWAL  data  and  those  for  the  University  of  Saskatchewan,  Vought,  DFVLR  and  NDRE,  table  6. 

(2)  Duncan's  new  multiple  range  test  indicated  a  significant  Interlaboratory  difference  between  the 

AFWAL  data  with  S  »  144  MPa  and  those  for  the  DFVLR  and  NDRE,  table  7. 
max 

(3)  In  mo^’e  detail,  Duncan's  test  (table  7)  indicated  significant  differences  for 

-  pre-exposure  +  fatigue  In  air  at  ■  210  MPa  between  Vought  and  the  NADC  and  DFVLR;  and 

between  the  NLR  and  the  NADC,  University  of  Saskatchewan,  DFVLR,  NDRE  and  RAE 

-  fatigue  In  salt  spray  at  S  ■  210  MPa  between  Vought  and  the  University  of  Saskatchewan, 
DFVLR  and  RAE. 

An  important  factor  In  Che  significant  differences  found  for  pre-exposure  +  fatigue  In  air  at  * 

210  MPa  was  Insufficient  drying  of  some  specimens  after  pre-exposure,  resulting  in  shorter  fatigue  lives 
and  corroded  fracture  surfaces.  The  relevant  data  have  been  re-analysed  by  separating  out  the  specimens 
with  corroded  fracture  surfaces.  The  results  are  given  in  table  14.  All  of  the  previously  indicated 
significant  differences  have  been  eliminated. 

In  view  of  there  being  only  a  very  few  unexplained  significant  differences  found  by  statistical 
analysis  and  the  generally  low  data  scatter  (see  section  3.2.6)  it  is  concluded  that 

•  with  the  exception  of  the  unamended  cleaning  and  drying  procedure  after  pre-exposure,  Che  first 
batch  of  CFCTP  core  programme  specimens  and  the  mechanical  and  environmental  testing  conditions 
were  highly  reproducible 

•  the  original  eight  participants  In  the  CFCTP  core  programme  can  have  confidence  in  each  other's 
results. 

In  ocher  words,  with  Che  exception  of  the  two  later  participants,  ^IFFRL  and  the  University  of  Pisa,  the 
primary  purpose  of  the  CFCTP  core  programme  has  been  achieved. 

It  is  most  unfortunate  that  the  SIFFRL  and  University  of  Pisa  results  were  significantly  different 
from  the  rest.  However,  on  the  positive  side  these  later  results  emphasize  how  important  and  necessary  It 
was  to  do  the  CFCTP  core  programme,  to  provide  a  detailed  technical  manual  for  mechanical  and  environ¬ 
mental  testing,  and  to  supply  the  original  eight  participants  with  specimens  from  one  batch, 

4.2  Envircnmental  Effects 

Statistical  analysis  of  the  CFCTP  cere  programme  fatigue  life  data  showed  that  the  effects  of 
different  fatigue  testing  schedules  (environmental  effects)  were  significant  and  consistent  at  both  stress 
levels.  Both  pre-exposure  and  fatigue  In  salt  spray  significantly  reduced  the  fatigue  lives,  especially  in 
combination.  An  overall  Impression  of  these  results  Is  provided  by  figure  10,  which  also  separates  out  the 
data  for  specimens  found  to  have  uncorroded  fracture  surfaces  after  pre-exposure  +  fatigue  in  air.  Figure 
10  shows  two  additional  trends: 

(1)  Environmentai  effects  were  relatively  greater  for  the  higher  of  210  MPa:  many  environmental 

fatigue  data  in  the  literature  show  that  the  reverse  trend  would  be  expected. 

(2)  The  statistical  result  that  the  effect  of  pre-exposure  was  similar  to  that  of  changing  the 
fatigue  environment  from  air  to  salt  spray  (see  table  6)  Is  a  consequence  of  including  data  for 
specimens  that  had  corroded  fracture  surfaces  after  pre-exposure  +  fatigue  in  air. 
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4.2.1  Dependence  of  environmental  effects  on  stress  level 

In  sections  3.3.1  and  3.3.2  It  was  shown  that  stress  level  was  a  major  variable  controlling  the 
locations  of  primary  fatigue  originst  see  figure  7  and  tables  10  and  II.  Fci  -  210  KPa  most  failures 

began  in  the  bores  of  fastener  holes.  On  the  other  hand,  for  S  •  144  MPa  most  failures  began  at 
bore/faying  surface  corners  and  the  faying  surfaces. 

Pre-exposure  and/or  fatigue  in  salt  spray  especially  promoted  failure  Initiation  in  the  bores  of 
fastener  holes.  It  Is  most  likely  that  environmental  effects  will  be  greater  when  they  promote  character¬ 
istic  failure  modes.  This  explains  why  the  observed  environmental  effects  were  relatively  greater  for 

S  -  210  MPa. 
max 

There  is  an  important  concltislon  to  be  drawn  from  this  explanation  of  why  the  environmental  effects 
were  relatively  greater  for  a  higher  stress  level,  in  contrast  to  many  other  data  in  the  literature. 
Correct  assessment  of  environmental  effects  requires  the  specimens  to  be  realistic.  The  CFCTP  core 
programme  specimens  were  designed  to  closely  simulate  a  fatigue  critical  structural  Joint  and  their 
behaviour  is  more  likely  to  be  representative  chan  that  of  simple  coupons,  which  constitute  the  majority 
of  specimens  used  In  environmental  fatigue  testing. 

4.2.2  Environmental  effects  and  fatigue  life  data  scatter 

As  table  8  shows,  there  was  a  general  trend  for  fatigue  life  data  scatter  to  increase  with  complexity 
ot  testing,  l.e.  when  the  environmental  variables  of  pre-exposure  and  fatigue  in  salt  spray  were  Included 
in  the  testing  schedules. 

For  pre-exposure  +  fatigue  in  air  there  was  much  more  scatter  in  the  fatigue  life  data  at  the  higher 
^max  KFa.  This  is  an  unusual  result,  since  scatter  usually  decreases  with  increasing  stress  level. 

The  explanation  lies  in  the  variable  effect  of  insufficient  drying  of  some  specimens  after  pre-exposure. 
Insufficient  drying  caused  significantly  reduced  fatigue  lives  and  corroded  fracture  surfaces,  and  there 
were  many  more  such  specimens  fatigue  tested  at  *  21^  MPa,  see  table  9. 

4.3  Primary  Fatigue  Origin  Locations 

As  discussed  previously,  stress  levels  and  fatigue  testing  schedules  (environmental  effects)  had 
significant  effects  on  the  locations  of  primary  fatigue  origins  In  the  CFCTP  core  programme  specimens. 
This  Is  shown  to  figure  7  and  tables  10  and  ll.  Also,  there  w*»re  some  indications  that  for  a  given  fatigue 
testing  schedule  the  initiation  of  failures  in  Che  bores  and  at  the  bore/faying  surface  corners  oi 
fastener  holes  resulted  in  shorter  fatigue  lives  than  failure  initiation  at  other  locations,  see  figure  6 
and  table  13. 

It  is  evident  chat  examination  with  respect  to  primary  fatigue  origins  and  fracture  surfaces  was 
essential  for  understanding  the  fatigue  behaviour  of  the  CFCTP  core  programme  specimens.  In  fact,  such 
examination  should  always  be  done  when  investigating  the  fatigue  behaviour  of  realistic  specimens. 


5.  CONCLUSIONS 

The  CFCTP  core  progriimme  of  round-robin  test  In-  has  demonstrated  that 

CD  The  original  eight  participants  may  be  confident  in  one  another’s  environmental  fatigue  testing 
capabll it les . 

(2)  With  Che  exception  of  the  unamended  cleaning  and  drying  procedure  after  pre-exposure,  the  first 
batch  of  CFCTP  core  programme  specimens  and  the  mechanical  and  environmental  testing  conditions 
were  highly  reproducible.  (The  amended  cleaning  and  drying  procedure  Is  reproducible  and  should 
be  adopted  in  further  tests). 

(3)  Environmental  effects  on  fatigue  lives  were  significant  and  consistent. 

(4)  Realistic  sp'^'linens  are  ner®8s&ry  for  correct  assessment  of  environmental  effects. 

(5)  Examination  with  respect  to  fatigue  origins  and  fracture  surfaces  is  essential. 

Finally  we  conclude  that,  for  at  lease  the  original  eight  participants,  supplemental  testing  pro¬ 
grammes  directed  to  the  requirements  of  individual  participants  may  be  carried  out  with  confidence  that 
the  results  from  different  labora  orles  can  be  compared. 
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MATERIAL 

SPECIMEN 

PROTECTION  SYSTLM 

PROTECTION  SYSTEM 
DAMAGE 

FATIGUE  LOADING 

FATIGUE  ENVIRONMENTS 

STATIC  PRE-EXPOSURE 

TEST  PROGRAMME 


STATISTICAL  ANALYSIS 

PARTICIPANTS 


TABLE  OVERVIEW  OF  THE  CFCTP  CORE  PROGRAMME 


«  3.2  tniQ  thick  707S-T76  atuminlun)  alloy  sheet 


•  Chromate  conversion  +  inhibited  epoxy  polyamide  primer 
(except  fastener  holes)  +  aliphatic  polyurethane  topcoat 

•  Two  stress  cycles  at  low  temperature  (209  t  10  K>  to  crack  primer  uid 
paint  around  the  fastener  heads 


•  Constant  amplitude.  S  .  /$  •  0  1 

min'  max 

•  Laboratory  air;  S  %  aqueous  NaCl  salt  spray  with  pH  a*  .  V 

•  72  hours  in  5  %  aqueous  Na'U  +  SO,  at  3l!>  K 


SCHEDULES 

NUMBER  OF 

SPECIMENS 

CYCLE 

S  -  210  MPa 

max 

S  -  144  MPa 

max 

FREQUENCY 

Fatigue  in  air 

4 

4 

**re-expos'jrc  + 
fatigue  in  air 

- 

2  Hz 

Fatigue  in  salt 
spray 

4 

4 

Pre -exposure  ♦ 
fatigue  in  salt 
spray 

4 

_ 

4 

O.'j  Hr. 

•  Fatigue  lives  and  pri-*’**  f’*-*^*!*  orie.ins 


(1)  Naval  Air  Development  Centre  NADC ,  Warminster,  Ponnsvlvania  ISA 

(2)  University  of  Saskatchewan,  Saskatoon.  Canada 

(3)  Vought  Corporation.  Dallas.  Texas.  USA 

(9)  Air  Force  Wright  Aeronautical  Laboratorie-s  aFVaL,  Davron,  Ohio, 
USA, 

(5)  National  Aerospace  Laboratory  Nlii.  Erameloord.  The  Netherlands 

(6)  Deutsche  Forschungs-  und  Versuchsanst a  1 1  lur  L’lfl  und  Raumfahrt 
DFVIK,  Cologne,  Germany. 

(7)  Njtweglan  Defence  Research  Establishment  NDRE.  Kjoller,  Norway 

(8)  Royal  Aircraft  Establishment  RAE,  Farnborough,  United  Kingdom. 

(9)  University  of  Toronto  SIFFRL.  Toronto.  Canada. 

(10)  University  of  Pisa.  Pisa,  Italy. 


p 


TABLE  2:  FATTGUK  LIFE  AND  PRIMARY  ORIGIN  DATA  FOR  THE  CFCTP  CORE  PROGRAMME 
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TABLE  3;  SUMMARY  OF  BOX  TEST  RESULTS  <95  Z  CONFIDENCE) 


FATIGUE  TESTING  SCHEDULES 

S 

nax 

(MPa) 

B 

HOHOCENEITY  OF  VARIANCES 
''0.05:9:739  '  ^ 

1  REMARKS 

fatigue  in  air 

210 

144 

1.925 

1.9g4 

no 

no 

j  very  slight  violation 
'  very  slight  violation 

pre^exposure  -f  fatigue  air 

210 

144 

1.249 

3.795 

yes 

no 

moderate  violation 

fatigue  In  salt  spray 

0.736 

0.816 

yes 

yes 

210 

144 

0.655 

0.836 

yes 

yes 

TABLE  4:  SUMMARY  OF  BARTLETT  TEST  RESULTS  (95  Z  CONFIDENCE) 


COMPARISONS  OF  DATA  FROM  DIFFERENT 
FATIGUE  TESTING  SCHEDULES 

S 

max 

(MPa) 

B 

^pjaammoBSsm 

REMARKS 

fatigue  In  air/ 

210 

5.151 

no 

moderate  violation 

pre*exposure  *  fatigue  in  air 

144 

0.366 

yes 

fatigue  in  air/ 

210 

'0.021 

yes 

fatigue  in  salt  spray 

144 

2.459 

yes 

fatigue  in  air/pre •exposure  + 

210 

0.066 

yes 

fatigue  in  salt  spray  ' 

144 

2.189 

yes 

pre 'exposure  e  fatigue  in  air/ 

210 

5.403 

no 

moderate  violation 

fatigue  in  salt  spray 

144 

0.921 

yes 

pre-exposure  fatigue  in  air/ 

210 

6.495  ; 

no 

moderate  violation 

pre -exposure  fatigue  in  salt  spray 

144 

0.757 

yes 

fatigue  in  salt  spray/pre-exposure  + 

210 

0.040 

yes 

fatigue  in  salt  spray 

144 

0.012 

yes 

TABLE  5:  SUMMARY  OF  ANALYSIS  OF  VARIANCE  RESULTS  (95  Z  CONFIDENCE) 
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TABLE  9:  FATIGUE  LIFE  AND  PRIMARY  ORIGIN  DATA  FOR  CFCTP  CORE  PROGRAMME  SPECIMENS  PRE-EXPOSED  AND  FATIGUE  TESTED  IN  AIR 


Interference  fit  specinens  disassenbled,  redrilled  to  press  fit  dinenslons  and  reassembled 
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TABLE  fO:  CLASSIFICATION  OF  CFCTP  CORE  PROGRAMME  PRIMARY  FATIGUE  ORIGINS 


TOTAL  NUMBERS  OF 
EACH  TYPE  OF 
PRIMARY  ORIGIN 


BORE  OF 
FASTENER  HOLE 
E/Q 

BORE/FAYING 
SURFACE  CORNER 
F/R 

FAYING 

SURFACE 

G/S 

SURFACE  EDGE 
OF  COUNTERSINK 
B/N 

COUNTERSINK 

C/0 

COUNTERSINK/ 
BORE  TRANSITION 
D/P 

68/59 

58/60 

9/2 

3/0 

2/1 

0  NUMBERS  OF 

PRIMARY  ORIGINS 
PER  PARTICIPANT 


PARTICIPANTS 

E/Q 

F/R 

G/S 

B/t. 

c/0 

D/P 

NADC 

14 

9 

7 

1 

1 

0 

SASKATCHEWAN 

14 

12 

0 

0 

0 

VOUGHT 

16 

10 

5 

1 

o 

0 

AFWAL 

11 

10 

10 

0 

1 

NLR 

15 

8 

0 

DFVLR 

15 

12 

6 

0 

NDRE 

15 

11 

4 

0 

RAE 

8 

8 

11 

1 

SIFFRL 

12 

16 

6 

0 

0 

PISA 

7 

22 

3 

0 

0 

1 

NUMBERS  OF 
PRIMARY  ORIGINS 
PER  STRESS  LEVEL 
AND  FATIGUE 
TESTING  SCHEDULE 


FATIGUE  TESTING 

S  -  210  MPa 
nax 

S 

max 

144  MPa 

“1 

SCHEDULES 

HQ 

B 

E/Q 

P/R 

HQ 

D 

D 

facigue  in  air 

23 

14 

8 

ID 

0 

15 

B 

D 

D 

D 

pre^exposure  facigue 
in  air 

23 

14 

2 

2 

4 

13 

16 

5 

1 

1 

facigue  in  salt  spray 

28 

16 

D 

0 

B 

B 

D 

o 

■ 

pre-exposure  +  facigue 
in  salt  spray 

33 

9 

0 

0 

H 

■ 

H 

■ 

H 

all  schedules 

o 

D 

B 

B 

D 

D 

B 

NUMBERS  OF 
PRIMARY  ORIGINS 
PER  STRESS  LEVEL 
AND  FATIGUE 
ENVIRONMENT 


Fatigue  environment 

S  -  210  MPa 
max 

S  -  144  MPa  1 

max 

IQI 

fatigue  in  air 
(with  and  without 
pre-exposure) 

46 

28 

10 

■ 

■ 

28 

■ 

■ 

■ 

■ 

fatigue  in  salt  spray 
(with  and  without 
pre-exposure) 

61 

25 

0 

0 

■ 

■ 

■ 

■ 

(1)  HOLE  DIAMETERS  6.306  10.044  mm  FOR  CORE  PROGRAMME  SPECIMENS  (SLIGHT  PRESS  FIT). 

HOLE  DIAMETERS  6.248  1 0.0127  mm  (INTERFERENCE  FIT)  OR  6.306  ±0.044  mm  (SLIGHT  PRESS  FI  .  )  FOR  SUPPLEMENTAL  TESTING  SPECIMENS. 


(2)  ALL  HOLES  MARKED  THUS"  A  'ARE  mm  OIAMETER. 

(3)  SPECIAL  TOLERANCE  INDICATIONS  ABE  25.0  =  25±0.05 

25.6  =  2510  ) 

25.9=  25102 


Fig.  1  The  CFCTP  core  programae  and  reconoended  FACT  Bupplenental  programme  apeclmeni 


Pig.  3  Survey  of  statistical  methods  for  analysing  the  CFCTP  fatigue  life  and  primary  fatigue  origin  data 


w 


T 


1000  10,000  100,000  1000  10,000  100,000 

CYCLES  TO  FAILURE  CYCLES  TO  FAILURE 


Fig.  6  Logarilhmic  normal  p  robat*  1 1 1 1  y  plot.s  of  fstigut*  lift*  ft>r  CFCTP  core  programme  specimens  per  lesl 


EFFECT  OF  STRESS  LEVEL 
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EFFECT  OF  PRE  EXPOSURE 


100 

80 

60 

40 

20 
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FATIGUE  g 
ORIGINS  ^ 


[T|  FATIGUE  r]  PRE  EXPOSURE  ^FATIGUE 
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Fig.  7  Effects  of  stress  level,  fatigue  cnviro.ment  and  pre-exposure  on  locations  of  CFCTP  core  programme 
primary  fatigue  origins 


PRIMARY  FATIGUE  ORIGINS  FATIGUE  IN  AIR  f^lMARV  FATIGUE  ORIGINS  I  PRE  EXPOSURE  +  FATIGUE  IN  AIR 


CPCTP  core  progrsne  Jtfttlgue  life  data  per  testing  schedule  and  prlaary  fatigue  orlg: 
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1000  10000  100.000 

CYCLESTO  FAILURE 

Plgr.  10  Summary  of  the  CFCTP  core  programme  fatigue  life  data  per  testing  schedule 
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PART  III 

THE  FACT  SUPPLEMENTAL  PROGRAMME 


I .  INTRODUCTION 

1.1  Overview 

The  FACT  supplemental  programme  of  fatigue  testing  followed  on  from  the  CFCTP  core  programme.  The 
FACT  programme  was  Included  so  that  Individual  participants  could  Investigate  corrosion  fatigue  problems 
of  particular  relevance  to  their  own  Interests  and  yet  within  a  broader  context.  To  achieve  this  the 
individual  programmes  were  set  up  with  a  high  degree  of  commonality.  This  Is  shown  In  the  overview  In 
table  l.l.  Most  participants  tested  li  dogbone  specimens  (the  same  type  of  specimen  used  in  the  CFCTP) 
under  nominally  Identical  mechanical  and  environmental  conditions.  Concerning  these  aspects  the  technical 
manual  required  for  the  CFCTP  (reference  1)  also  included  supplemental  testing  guidelines  for  specimen 
manufacture,  application  of  protection  systems,  specimen  assembly,  pre-exposure,  and  fatigue  and  corrosion 
fatigue  under  flight  simulation  loading  (FALSTAFF  and  MINITWIST,  references  2-5). 

The  individual  contributions  to  the  FACT  programme  will  be  presented  In  this  part  of  the  report  in 
the  same  order  as  in  table  l.l.  These  contributions  also  include  summaries  of  the  statistical  methods  used 
to  analyse  the  results.  A  detailed  description  of  these  statistical  methods  is  given  in  Appendix  II. 

It  can  be  seen  from  table  l.l  that  the  main  interest  of  several  participants  was  to  compare  the 
environmental  fatigue  properties  of  a  number  of  aluminium  alloys  in  various  tempers.  However,  owing  to  the 
calibratory  function  of  the  CFCTP  and  the  participants'  active  cooperation  in  obtaining  the  many 
similarities  and  commonalities  within  the  FACT  programme,  it  has  also  been  possible  to  make  inter- 
participant  comparisons  of  materials  and  the  effects  of  different  protection  systems  and  fasteners.  These 
inter-participant  comparisons  are  the  subject  of  Part  IV  of  this  report. 

1.2  Recommended  Specimen  Configuration 

The  recommended  specimen  configuration  for  the  FACT  programme  was  the  U  dogbone  used  in  tlie  CFCTP 
core  programne.  The  specimen  configuration  is  illustrated  in  figure  l.l.  As  mentioned  in  Part  II  of  this 
report,  the  specimen  was  designed  to  simulate  the  load  transfer  and  secondary  bending  characteristics  of 
runouts  of  stiffeners  attached  to  the  outer  skin  of  an  airframe  structure.  The  design  goals  were  a  load 
transfer  of  40  Z  and  a  secondary  bending  ratio  of  0.5  (reference  6).  These  characteristics  have  been 
checked  and  the  actual  values  are  generally  lower,  see  Appendix  I. 

1.3  Flight  Simulation  Fatigue  Testing 

1.3.1  Short  description  of  Che  manoeuvre  spectrum  FALSTAFF 

The  manoeuvre  spectrum  FALSTAFF  (Fighter  Aircraft  Loading  STAndard  For  Fatigue  evaluation)  was 

developed  by  several  European  laboratories  (refe^nces  2  -  4).  The  spectrum  Ts  illustrated  in  figure  1.2. 
It  is  divided  into  32  load  levels.  The  load  sequence  consists  of  blocks  of  200  different  flights 
classified  into  three  groups  of  mission  types: 

•  flights  with  repetitive  patterns  of  severe  manoeuvring 

•  flights  with  severe  manoeuvring 

e  flights  with  mainly  moderate  manoeuvring. 

The  sequence  of  flights  and  flight  loads  is  random.  Owing  to  the  spectrum  characteristics  there  are  many 
flights  containing  high  loads,  although  level  32  is  reached  only  twice,  in  flights  32  and  17i.  An 

illustration  of  the  flight-by-flight  loading  pattern  is  given  in  figure  1.3. 

1.3.2  Short  description  of  the  gust  spectrum  MINITWIST 

The  gust  spectrum  MINITWIST  (reference  5)  is  a  shortened  version  of  TWIST  (Transport  ^ng  ^andard) 
that  was  developed  by  two  European  laboratories  (reference  7).  The  spectrum  is  approximated  for  testing 
purposes  by  the  stepped  function  shown  In  figure  1.4.  Stresses  are  expressed  non-dlmenslonally  by  dividing 
them  by  the  stress  pertaining  to  undisturbed  cruising  flight  (S  ,).  There  are  ten  gust  load  levels  and  one 
ground  load  level. 

MINITWIST  consists  of  blocks  of  4000  different  flights.  There  are  ten  flight  types,  ranging  from 
storm  (A)  to  calm  (J)  conditions.  Basic  properties  of  the  load  sequence  are: 

•  the  flights  and  loads  for  each  flight  are  applied  in  a  random  sequence  except  that  clustering  of 
severe  flights  has  been  avoided 

t  the  loads  within  each  flight  are  applied  as  a  random  sequence  ot  half-cycles  in  such  a  way  that  a 
positive  half-cycle  is  followed  by  a  negative  half-cycle  of  arbitrary  magnitude 

•  load  sequences  have  been  generated  individually  for  each  flight.  This  means  that  flights  of  the 
same  type  generally  have  different  load  sequences. 

The  severest  flights  are  1656  (type  A),  2856  (type  B)  and  501,  2936  and  38<*1  (type  C) .  An  illustration  of 
the  fllght-by-f light  loading  pattern  is  given  in  figure  1.5. 


1.4  Escabllshment  of  Fatigue  Stress  Levels  for  the  1)  Oogbone  Specimen 


Characteristic  fatigue  stress  levels  for  the  FACT  programme  were  establlshea  on  the  basis  of  nominal 
target  fatigue  lives  and  pilot  tests.  This  is  illustrated  In  figure  1.6.  The  established  fatigue  stress 
levels  were  as  follows  (reference  8): 


TYPE  OF  FATIGUE  LOADING 

NOMINAL  UNCORRODED  FATIGUE  LIFE 

CHARACTERISTIC  STRESS  LEVEL 

constant  amplitude,  R  “  O.li 

100,000  cycles 

S  -  144  MPa 

max 

FALSTAFF 

4,000  flights 

10,000  flights 

*  S  “289  MPa 

max 

S  “  238  MPa 

max 

MINITWIST 

10,000  flights 

40,000  flights 

S  ^  “101  MPa 

mf 

S  ,  •  89  MPa 

mf 

There  are  two  important  points  to  note: 

•  all  stresses  are  defined  in  terms  of  the  total  cross-section  of  the  fatigue  specimen  -1  at  the 
location  of  the  centreline  between  the  fasteners,  i.e.  the  fastener  holes  are  Included  in  the 
cross-sectional  area 

•  the  pilot  tests  used  representative  specimens  but  did  not  take  place  under  exactly  the  same 
conditions  as  definitive  tests.  This  is  because  the  definitive  tests  Included  prestressing  the 
specimens  at  low  temperature  to  crack  the  paint  (if  possible)  around  the  fastener  holes. 
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SECTION  C-C 


I  NOTES  \ 

<11  HOLE  OIAMETERS  6  J06  *  0.044  mm  (SLIGHT  PRESS  FIT)  OR  6.248  *  0.0)27  mm  (INTERFERENCE  FIT). 

(2)  ALLHOLESMARKEDTHUS"  A"ARE  18^  mm  OlAMETEfl. 

(3)  SPECIAL  TOLERANCE  INDICATIONS  ARE:  26.0  =  25*0.06 

25.0  =  25*0  1 
25.9  =  25*0.2 
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Fig.  1.6  Establishinent  of  FACT  eupplemental  prograame  fatigue  stress  levels  for  the  1^  dogbone  speclaen 
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2.  THE  VOUbHT  CONTklBL’TlON  TO  THE  FACT  PROGRAMME 

K.E.  Duval  and  A.E.  Hohman,  LTV  Aerospace  and  Defence  Company.  Vought  Missiles  and  Adv;^l)^ed  Prn^raniiies 

Division,  Dallas,  Texas,  USA. 

2 .  1  Introduction 

Experience  has  shown  that  metal  fatigue  is  a  major  cause  of  structural  lallures  in  aircraft.  Also  it 
has  been  known  for  a  long  time  that  fatigue  properties  of  structures  can  be  greatly  influenced  by  tl.c: 
nature  of  the  environment  in  which  they  are  operating.  In  the  past  these  effects  were  accounted  for  by 
applying  safety  factors  to  designs  based  on  data  developed  In  non-aggressive  environments.  However, 
increasing  emphasis  on  lower  weight,  higher  performance  and  longer  lasting  aircraft  makes  it  imperative 
that  future  designs  take  more  accurate  account  of  the  effects  of  adverse  operatii.g  environments. 

Because  of  the  relatively  short  time  available  during  the  design  and  development  of  an  aircraft,  long 
term  corrosion  exposure  to  simulate  the  3ervi».c;  ei.vironnient  is  not  practical.  Accelerated  testing 
procedures  must  be  employed  to  provide  the  necessary  data  in  a  timely  manner.  To  obtain  corrosion  fatigue 
data  severe  environmenta  from  tvtal  iciaeralon  to  salt  fog  have  been  used.  However,  even  with  these 

severe  environments  considerable  testing  time  is  required  because  of  Che  slow  rates  vi  cycling  that  must 
be  used . 

An  even  greater  acceleration  of  corrosion  effects  is  desirable.  One  possible  way  to  achieve  this  is 
to  raise  the  temperature  of  the  environment  so  ch.at  reaction  rates  Increase.  Ac  present  there  is  little 
information  on  temperature  effects  in  corrosion  fatigue.  The  primary  objective  of  the  VOl'GHT  cent  r  ibut  i».'n 
to  FACT  was  Co  obtain  a  limited  amount  of  elevated  temperature  corresuu’  fatigue  data  as  part  I'f  a 
continuing  investigation  of  corrosion  fatigue  testing  meCliods. 

2.2  The  Test  Programme 

An  overview  of  the  test  programme  is  given  in  cable  J.l.  This  progr.jmme  was  preceded  by  pilot  tests 
to  check  marker  load  characteristics  predicted  using  the  trFt.RC  computer  program,  which  Is  a  crack  growth 
analysis  program  developed  at  Rockwell  International.  Further  inform.it  ion  about  Che  prediction  of  marker 
load  characteristics  and  EFFGRO  Is  given  in  references  fl,  2). 

2.2.1  Material,  specimen  configuration  and  protection  system 

The  material  was  6.35  mm  thick  7075-T7651  aluminium  alUn  plate.  Average  engineering  properties  were 
as  follows: 


0.2  7  YIELD  STRESS 

urs 

ELONI.ATICN  ^ 

CONTU'CIIVITY 

4K4  MPa 

536  MPa 

15  / 

37.4  r  r.C.A.S. 

The  specimens  were  of  the  single  dogbone  configuration  shown  in  t  Igure  T‘'e  dogbones  were  n.-'ichcd 
by  central  holes  with  a  value  ~  2.7.  Note  chat  mill  finish  was  retained  on  all  surfaces,  i.e.  including 
Che  central  holes.  The  protection  system  was  a  standard  U.S.  Navy  paint  scheme: 


•  chromate  conversion  coating  type  2  class  2 
«  inhibited  epoxy  polyamHe  primer 

•  aliphatic  polyurethane  topcoat. 

This  system  was  applied  to  all  surfaces  except  the  central  holes. 


{MII.-C-5541 ) 

(MlL-F-23377) 

MII.-C-81  773C 
207-9-404 


Mechanical  testing  conditions 


All  stresses  were  defined  in  terms  of  loads  on  the  central  cross-.set  t  ic'n  of  the  specimen  and 
including  the  central  hole  In  the  cross-sectional  area.  The  characteristic  fatigue  stress  levels  (S  ) 
lur  the  test  programme  have  been  given  already  in  table  2.1.  These  levels  were  based  on  the  results^of 
pilot  test.s  and  the  CFCTP  core  programme. 

The  fatigue  load  history  is  illustrated  In  figure  2.2.  It  consisted  of  blocks  of  200  damage  cycles 

(K  *  0.1)  and  100  marker  cycles  (R  *  0.5)  with  a  constant  S  in  order  to  avoid  crack  growth  retardation. 

max  ' 

The  intention  of  this  load  history  was  to  provide  clearly  visible  marker  bands  which,  however,  should  have 
a  minimal  contribution  to  overall  crack  growth.  All  tests  were  carried  out  with  a  rvcle  frequency  of 
0.5  Hz. 


2.2,3  Environmental  conditions 

The  fatigue  tests  were  done  In  laboratory  air  at  a  nominal  temperature  of  297  K  and  in  5  7  aqueous 
NaCl  salt  spray  acidified  with  H^SO^  to  pH  4.  The  tests  in  salt  spray  were  done  at  several  temperatures  in 

the  range  297  -  339  K,  see  table  2.1.  The  salt  spray  cabinet  met  the  requirements  in  reference  (J)  but 
with  the  addition  of  a  hot  air  inlet  and  baffles  for  mixing  hot  air  with  salt  spray  to  produce  elevated 
temperature  fog.  The  environmental  temperature  was  monitored  by  a  thermistor  temperature  control  probe 
located  25  mm  from  the  specimen  test  section.  The  specimen  temperature  was  monitored  by  a  tlie  rmi'tu>up  le , 
and  It  was  found  Chat  the  temperature  could  be  maintained  to  within  ±  0.5  K. 


During  tescing  aC  elevated  temperatures  the  air  pressure  In  the  salt  spray  cabinet  was  increased  to 
try  to  compensate  for  evaporation.  However,  it  was  found  that  Che  solution  collection  rates  specified  in 
ASTM  standard  B  117  *  73  (Standard  Method  of  Salt  Spray  (Fog)  Testing)  could  not  be  maintained  at 
temperatures  above  about  316  K.  Furthermore  the  salt  fog  becaste  only  a  slight  mist  at  323  K  and  was  not 
observed  at  339  K. 

2.3  Results 

2.3.1  Fatigue  life  and  fatigue  crack  initiation  and  propagation  life  data 

Fatigue  life  and  fatigue  crack  initiation  and  propagation  life  data  are  compiled  in  cable  2.2.  The 
fatigue  crack  initiation  and  propagation  li^e  data  were  obtained  by  correlating  marker  load  bands  on  the 
fracture  surfaces  with  numbers  of  cycles  and  tracing  the  markers  back  to  crack  dimensions  less  than 
0.3  mm. 

The  data  for  fatigue  in  salt  spray  at  different  temperatures  are  presented  in  figure  2.3.  These  data 
were  analysed  statistically  according  to  the  procedure  shotm  in  figure  2. A.  Owing  to  the  limited  number  of 
data  and  unequal  sample  sizes  it  had  to  be  assumed  chat  they  at  least  approximated  to  random  samples  from 
log-normaily  distributed  populations  with  equal  variance.  Unequal  sample  sizes  also  meant  that  a  modified 
version  of  Duncan's  new  multiple  range  test  had  to  be  used  for  "fine  tuning"  the  analysis  of  variance 
results.  More  details  of  the  statistical  methods  are  given  in  Appendix  II. 

Results  of  the  statistical  analysis  are  summarised  in  cables  2.3  and  2.U.  According  to  the  analysis 
Che  temperature  of  the  salt  spray  environment  had  no  significant  effect  on  Che  fatigue  life  and  fatigue 
crack  Initiation  and  propagation  lives. 

2.3.2  Fatigue  crack  growth  race  data 

The  fatigue  crack  growth  rate  data  are  sliown  in  figure  2.5.  Most  of  Che  data  fall  Into  two  broad 
bands  which  indicate  chat  the  aggressiveness  of  salt  spray  first  increased  and  then  decreased  with 
Increasing  temperature,  eventually  becoming  no  more  aggressive  than  room  temperature  air. 

The  data  for  tests  in  salt  spray  at  316  K  appear  Co  represent  a  transition  in  the  aggressiveness  of 
salt  spray.  At  high  crack  growth  rates  the  environmental  contribution  to  crack  growth  decreases  with 
respect  Co  mechanlcally-'lnduccd  crack  growth.  However,  this  effect  had  a  negligible  effect  on  crack 
propagation  life  and  total  life. 

2. A  Discussion 

Owing  CO  insufficient  data  for  some  test  conditions  and  to  data  scatter  the  statistical  analysis  did 
not  indicate  a  significant  effect  of  salt  spray  temperature  on  the  fatigue  Hfe  and  fatigue  crack 
Initiation  and  propagation  lives.  However.  Che  data  in  figures  2.3  and  2.3  show  the  following  trends: 

(1)  Increasing  the  salt  spray  temperature  from  29?  K  to  316  K  tended  to  decrease  the  fatigue  crack 
initiation  and  propagation  lives  and  hence  total  life. 

'2)  Further  increasing  the  salt  spray  temperature  from  316  K  to  339  K  resulted  in  an  increase  ir. 
fatigue  crack  Inlclacion  and  propagation  lives  and  a  decrease  in  fatiyii'  .‘rack  growth  rates  ci' 
values  similar  Co  chose  for  fatigue  in  room  temperature  air. 

In  view  of  these  trends  and  also  the  dservatlons  on  collection  rates  and  appearatice  of  the  salt 
spray  at  elevated  temperatures  (section  2.2.3)  it  seems  rea.sonable  to  conclude  that  acceleration  of  salt 
spray  corrosion  fatigue  cet.tlng  Is  possible  by  raising  the  temperature  ()f  the  salt  spray,  but  only  as  long 
as  the  experimental  seC'*up  permits  the  production  of  a  proper  salt  (og. 

For  Che  test  set-up  in  this  invest igat ion  it  appears  chat  the  critical  temperature  at  which  a  proper 
salt  iog  can  still  be  maintained  is  316  K.  At  this  temperature  the  average  fatigue  life  decreased  by  about 
33  T  compared  to  the  room  temperature  fatigue  life,  mainly  because  the  crack  initiation  life  decreased. 
This  .epresents  a  considerable  reduction  in  testing  time  which,  however,  must  be  weighed  against  the 
increased  complexity  of  salt  spray  fatigue  tescing  at  elevated  ’’emperaturcs  and  greater  dllflcultv  in 
obtaining  reproducible  test  conditions. 

2.5  Conclusions 

Although  statistical  analysis  did  not  Indicate  a  significant  effect  of  salt  spray  temper. ituve  on  the 
fatigue  life  and  fatigue  crack  initiation  and  propagation  lives  of  notched  7073-T651  plate  specimens,  the 
following  conclusions  are  drawn: 

(i>  Increasing  the  salt  spray  temperature  from  29  7  K  to  316  K  tended  to  decrease  t  lu  fatigue  crack 
Initiation  and  propagation  lives  and  hence  total  life. 

(2)  Further  increas.'ng  the  salt  spray  temperature  resulted  in  an  incre.-'se  in  latigue  crack  initiation 
and  propagation  lives  and  a  decrease  in  fatigue  crack  growth  rates  because  a  proper  salt  fog 
could  not  be  maintained  above  3lb  K. 

(3)  Raising  the  salt  spray  temperature  can  result  in  a  considerable  reduction  In  testing  time.  This 
must  be  weighed  against  the  experimental  problems  of  obtaining  and  maim  lining  a  proper  salt  fog 
at  elevated  temperatures. 


4h 

2.6  Recommendations  for  Further  Investigation 

The  effects  of  temperature  on  corrosion  fatigue  should  be  investigated  lor  other  materials  and  heat 
treatment  conditions  and  also  for  specimen  configurations  representing  typical  aircraft  structural  joints. 
Other  fatigue  load  histories  should  be  considered*  especially  spectrum  loading  representing  service  usage 
and  preferably  giving  marker  bands  that  allow  tracing  crack  growth  back  to  small  flaw  sizes. 

2.7  References 

1.  R.E.  Duval,  "Effect  of  temperature  on  corrosion  fatigue  life  of  7075-T7651  aluminium  alloy  plate", 

LTV  Aerospace  and  Defence  Company,  Voughc  Missiles  and  Advanced  Programmes  Division  Report 

3-41300/4R-115,  1984. 

2.  J.B.  Chang,  M.  Szanossi  and  K.-W.  Liu,  "Random  spectrum  fatigue  crack  life  predictions  with  or 

without  considering  load  interactions".  Methods  and  Models  for  Predicting  Fatigue  Crack  Growth  under 
Random  Loading,  ASTM  STP  748,  edited  by  J.B.  Chang  and  C.M.  Hudson,  American  Society  for  Testing  and 
Materials,  pp.  115  -  132  (1981):  Philadelphia. 

3.  R.J.H.  Wanhill  and  J.J.  De  Luccia,  "An  AGARD  -  coordinated  corrosion  fatigue  cooperative  testing 

programme",  AGARD  Report  N’o.  695,  February  1982. 


49 


TABLE  2.J:  Sl’MMARY  OF  i\NALYSlS  OF  VARIANCE  RESULTS  (95  %  CONFIDENCE) 


TABLE  2.4:  SUMMARY  OF  RESULTS  USING  DUNCAN'S  NEW  MULTIPLE  RANGE  TEST  (95  Z  CONFIDENCE) 


U>C  MFaS  FATia-E  l-IVES  AND  SAJM’LE  SIZES  t 
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I  NOTES^ 

(1)  MILL  FINISH  RETAINED  ON  ALL  SURFACES. 

(2)  ALL  HOLES  MARKED  THUS  '  ZA"  ARE  18  *  mm  DIAMETER 

(3)  SPECIAL  TOLERANCE  INDICATIONS  ARE.  28.0  =2S  ±0.08 

25  0*28  ±0.1 

Fig.  2.1  Speclnen  configuration  for  the  VOUGHT  contribution  to  the  FACT  programne 


APPLIED 

STRESS 


CYCLES 

Fig.  2.3  VOUGHT  salt  spray  fatigue  life  and  fatigue  crack  Initiation  and  propagation  life  data  for 
7075-T7691  single  dogbone  speclaens  with  unprotected  open  holes 


Fig.  2.4  Survey  of  statistical  methods  for  analysing  the 
VOUGhT  salt  spray  fatigue  life  and  fatigue  crack 
initiation  and  propagation  life  data  for  PACT 


Fig.  2.5  Fatigue  crack  growth  rate  data  for  the  VOUCHT  contribution  to  FACT;  da/dn  and 
AK  were  calculated  as  though  the  tests  were  done  with  damage  cycles  only 
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THE  SAAB  CONTRIBUTION  TO  THE  FACT  PROGRAMME 


L.E.  Jarfall,  SAAB-SCANIA  Aerospace  Division,  Linkoping.  Sweden 

3.1  Introduction 

The  Aerospace  Division  of  SAAB-SCANIA  parclclpaced  In  the  FACT  suppleroental  programme  with  the 
assistance  of  the  Structures  Department  of  the  Aeronautical  Research  Institute  of  Sweden  FFA 
(references  1,  2).  The  main  objectives  of  the  SAAB  contribution  to  FACT  were  to  develop  fatigue  testing 
facilities  for  comparison  of  different  corrosion  protection  systems  and  to  compare  results  with  those  of 
the  CFCTP  core  programme. 

3.2  The  Test  Programme 

An  overview  of  the  test  programme  is  given  in  table  3.1.  There  were  two  types  of  specimen.  The 
unnotched  coupon  specimens  were  used  in  an  introductory  study  of  the  effects  on  fatigue  life  of  outdoor 
pre-exposure  and/or  environmental  fatigue  in  chambers  specially  constructed  by  the  FFA.  The  Ij  dogbone 
specimens  were  from  the  same  batch  as  the  CFCTP  core  programme  specimens  and  provided  a  basis  for 
comparing  the  effects  of  environmental  fatigue  in  the  FFA  chambers  and  the  CFCTP  salt  spray  cabinets. 

3.2.1  Materials,  specimen  configurations  and  protection  systems 

The  material  for  the  unnotched  coupon  specimens  was  3  mm  thick  clad  sheet  of  aluminium  alloy  7075-T6 
from  two  batches  (I  and  II).  The  specimen  configuration  is  shown  in  figure  3.1.  This  has  a  parallel  sided 
gauge  section  25  mm  x  20  mm  at  the  centre  of  the  specimen.  Half  the  specimens  were  left  as  machined.  The 
remainder  were  chromic  acid  anodised,  without  hot  water  sealing,  according  to  SAAB-SCANIA  specifications. 

The  7075-T76  aluminium  alloy  dogbones  were  from  the  same  batch  as  the  CFCTP  cere  programme 
specimens  and  with  the  same  fastener  hole  size  (press  fit)  and  protection  system,  as  discussed  in  detail 
in  reference  (3)  and  Part  II  of  this  report. 

3.2.2  Mechanical  testing  conditions  (static  prestressing  and  fatigue) 

All  stresses  were  defined  in  terms  of  loads  on  the  total  cross-sections  of  the  specimens  in  the  gauge 
sections,  l.e.  including  cladding  layers  (unnotched  coupons)  and  fastener  holes  (li  dogbones). 

Before  environmental  exposure  and  fatigue  testing  the  dogbone  specimens  were  prestressed  at 
209  i  10  K  by  applyi..*  jo  lo'  I  y^les  up  to  215  MPa.  The  procedure  for  this  is  discussed  in  reference 
(3).  The  purpose  of  this  low  temperature  prestressing  was  to  ensure  that  the  paint  and  primer  layers  were 
brittle  and  would  crack  around  the  Hi-Lok  fastener  holes,  thereby  simulating  service  damage  that  enables 
corrosion  and  corrosion  fatigue  to  occur. 

The  fatigue  testing  of  the  U  dogbone  specimens  was  done  using  an  FFA-designed  50  kS  load  frame  with 
MTS  eleccrohydraullc  equipment  and  load  cell.  Static  calibration  showed  the  load  cell  error  to  be  within 
2  1  X  and  2  50  N.  A  strain  gauged  dummy  coupon  was  used  to  check  alignment.  Bending  and  axial  strains  were 
determined  at  a  tensile  load  of  5  kN.  The  in-plane  bending  strain  was  2.3  Z  of  the  axial  strain  and 
therefore  well  within  the  3  %  limit  specified  In  reference  (3). 

The  fatigue  load  history  was  constant  amplitude  sinusoidal  loading  with  a  stress  ratio  R  *  S  .  /S 

min  max 

of  0,1.  The  characteristic  stress  levels  for  the  test  programme  have  been  indicated  already  in  table  3.1. 
The  stress  level  for  the  U  dogbone  specimens  was  chosen  to  be  the  same  as  the  lower  stress  level  for  the 
CFCTP  core  programme,  i.e.  ■  144  MPa.  The  tests  were  carried  out  at  cycle  frequencies  of  1.4  Hz  for 

Che  unnotched  coupons  and  0.5  Hz  for  Che  li  dogbone  specimens. 

3.2.3  Environmental  conditions  (pre-exposure,  fatigue  and  corrosion  fatigue) 

Unnotched  coupons  scheduled  for  static  exposure  before  fatigue  testing  (batch  1)  were  placed  on  a 
roof  in  a  light  industry  area  5  km  from  the  centre  of  Stockholm  for  8  months  (June  1977  to  January  1978). 
Thereafter  they  were  wrapped  and  stored  in  a  freezer  until  required  for  fatigue  testing. 

Half  of  the  Ij  dogbone  specimen?  were  pre-exposed  by  the  U.S.  Naval  Air  Development  Centre  NADC 
before  shipment  to  SAAB-SCANIA,  The  pre-exposure  conditions  were  the  same  as  in  the  CFCTP  core  progranme, 
i.e.  sealing  of  faying  surface  side  edges  and  Hi-Lok  collars  to  prevent  corrosion  except  in  the  fastener 
head  areas,  followed  by  lotmersion  for  72  hours  in  5  Z  aqueous  NaCl  acidified  by  a  predetermined  amount  of 
SO^  gas  and  maintained  at  315  2  2  K. 

Before  fatigue  testing  all  1}  dogbone  specimens  were  sealed  at  the  faying  surface  side  edges  and 
Hi-Lok  collars.  The  fatigue  tests  on  unnotched  coupons  and  li  aogbone  specimens  were  done  in  specially 
constructed  environmental  chambers  capable  of  being  stacked  to  enable  tests  in  series  in  the  load  frame. 
Drawings  of  the  environmental  chambers  are  shown  in  figure  3.2  and  their  .parameters  during  testing  are 
given  in  table  3.2. 

Environmental  influences  on  fatigue  were  studied  by  instituting  alternating  "wet”  and  "dry"  phases. 
The  wet  phases  started  every  12  minutes  and  consisted  of  fatigue  in  humid  air  with  condensation,  and 
fatigue  during  immersion  in  distilled  water.  These  phases  were  terminated  when  a  dew  point  hygrometer 
sensed  condensation  on  the  surfacra  of  the  ooupous  or  :>p«ciinens  exposed  to  humid  air.  Thus  in  one  case  the 
wet  phase  corresponded  to  a  continuous  Increase  In  humlJlty  until  condensation  occurred,  while  in  the 
other  there  was  immediate  and  continuous  wetting. 

The  dry  phase  was  fatigue  in  low  humidity  air.  In  fact  this  was  a  drying  phase,  whereby  it  is 
unlikely  that  a  relatively  complicated  specimen  like  the  Ij  dogbone  would  dry  out  completely  after 
immersion  in  water. 


The  conditions  for  fatigue  in  wet  and  dry  air  were  established  in  the  following  way.  Both  chambers 
were  open  ended  and  filtered  laboratory  air  was  pumped  through.  This  air  wos  heated  in  the  environmental 
chambers  with  or  without  water  injeccion: 

•  water  injection  resulted  in  wet  phase  testing  with  humid  air  chat  caused  condensation  on  coupons 
and  specimens  and  maintained  their  temperatures 

•  straightforward  heating  resulted  in  low  humidity  air  that  provided  a  reference  environment  for 
unnotched  coupons,  see  table  3.2,  and  also  dried  and  maintained  the  temperatures  of  coupons  and 
specimens  during  dry  phase  testing. 

3.3  Results 

The  complete  set  of  fatigue  life  and  primary  fatigue  origin  data  for  the  SAAB  contribution  to  FACT 
is  given  in  table  3.3.  The  way  in  which  the  test  programme  was  set  up  and  the  results  had  consequences  for 
Che  statistical  mecnods  used  to  analyse  the  data.  This  will  be  discussed  in  section  3.3.!. 

The  fatigue  life  results  are  presented  and  statistically  analysed  In  section  3.3.2.  This  is  followed 
by  statistical  analysis  of  the  primary  fatigue  origin  data  in  section  3.3.3. 

3.3.1  Statistical  methods  for  analysing  the  data 

A  survey  of  the  statistical  methods  for  analysing  the  SAAB  data  is  given  in  figure  3.3.  Owing  to  the 
limited  number  and  unequal  sample  sizes  of  the  data  it  had  to  be  assumed  that  they  at  least  approximated 
to  random  samples  from  log-normally  distributed  populations  with  equal  variance.  Unequal  sample  sizes  also 
meant  Chat  modified  versions  of  the  least  significant  difference  test  and  Duncan's  new  multiple  range  test 
had  to  be  used  for  "fine  tuning"  the  analysis  of  variance  results.  More  details  of  the  statistical 
methods  are  given  in  Appendix  II. 

3.3.2  Fatigue  life  data 

The  SAAB  fatigue  life  data  are  shown  in  figure  3.4.  The  li  dogbone  specimen  data  are  compared  with 
CFCTP  core  orogramme  data  in  figure  3.3.  From  close  flgu*,co  the  following  trends  are  observed: 

ll)  Unnocched  coupons: 

-  weC-'rg  by  re'^'^ateJ  or  alternate  immersion  in  distilled  water  reduced  the  fatigue 

lives 

-  Che  fatigue  lives  of  as  machined  and  chromic  acid  anodised  specimens  were  similar. 

(.2)  li  dogbones: 

-  Che  SAAB  fatigue  testing  in  air  with  repeated  condensation  or  alternating  immersion  In 
distilled  water  was  severe  as  the  CFCTP  fatigue  testing  in  salt  spray. 

The  two  trends  for  unnotched  coupons  were  confirmed  by  two-way  analysis  of  variance  (table  3.4)  and 
"fine  tuning"  using  the  Least  significant  difference  test  (table  3.3)  and  Duncan’s  new  multiple  range  test 
(cable  3.6). 

The  SAAB  li  dogbone  data  were  analysed  using  one-way  analysis  of  variance  (table  3.4)  and  Duncan’s 
new  multiple  range  test  (table  3.7).  The  analysis  showed  chat  there  were  i»o  significant  differences  in 
fatigue  lives,  i.e.  the  four  fatigue  testing  schedules  were  equivalent  in  severity.  These  data  were  also 
compared  with  CFCTP  data  using  one-way  analysis  of  variance  (table  3.4)  and  the  least  significant 

difference  test  (table  3.8).  This  statistical  comparison  confirmed  the  forement ioned  trend,  namely  the 
surprising  result  that  fatigue  testing  In  air  with  repeated  condensation  or  alternate  immersion  in 

distilled  water  was  as  severe  as  fatigue  testing  continuously  in  salt  spray. 

3.3.3  Primary  fatigue  origin  data 

The  primary  fatigue  origin  data  for  the  SAAB  Ij  dogbone  tests  were  analysed  using  Fisher's  exact 
test,  table  3.9.  Changing  the  environment  (fatigue  testing  schedule)  had  no  significant  effects  on  the 
locations  of  primary  fatigue  origins. 

3.4  Discussion 

The  results  for  both  the  unnotched  coupons  and  Ij  dogbone  specimens  showed  that  repeated  condensation 

or  alternate  immersion  in  distilled  water  reduced  the  fatigue  lives.  On  the  other  hand,  pre-exposure 

either  outdoors  for  8  months  (unnotched  coupons)  or  for  72  hours  in  acidified  aqueous  NaCl  (Ij  dogbones) 
had  no  significant  effect. 

As  mentioned  In  section  3,3.2,  comparison  of  SAAB  and  CFCTP  dogbone  fatigue  life  data  gave  the 
surprising  result  that  fatigue  testing  In  air  with  repeated  condensation  or  alternate  immersion  in 

distilled  water  was  as  severe  as  fatigue  testing  continuously  In  salt  spray.  A  contributing  factor  is  the 

likelihood  that  the  "dry"  phases  during  the  SAAB  tests  may  not  have  been  sufficient  to  dry  out  the 

specimens,  especially  for  fatigue  In  air  with  alternating  immersion. 
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Albeic,  this  result  is  still  remarkable:  in  fact  It  is  positive.  The  SAAB  fatigue  testing  schedules 
are  relevant  to  the  flight-by-flight  transpiration  of  aircraft  structures,  whereby  alternate  wetting  by 
condensation  and  drying  take  place  (reference  4).  The  humid  air  with  repeated  condensation  is  difficult  to 
control  in  a  laboratory  test.  Salt  spray  testing  is  also  complicated  and  rather  unpleasant  to  use  in  the 
proximity  of  expensive  laboratory  equipment.  However*  the  repeated  immersion  test  is  easy  to  control.  The 
similar  effect  on  fatigue  lives  of  all  three  environments  means  that  the  repeated  immersion  test  is  an 
attractive  and  convenient  alternative  for  the  more  complicated  testing  procedures. 


3.5  Conclusions 

(1)  Repeated  condensation  or  alternate  immersion  in  distilled  water  reduced  the  fatigue  lives  of 
unnotched  coupons  and  li  dogbone  specimens. 

(2)  Pre-exposure  outdoors  (unnotched  coupons)  or  in  acidified  salt  spray  (Ij  dogbones)  had  no 
significant  effect  on  fatigue  lives. 

(3)  For  each  fatigue  testing  schedule  (environment)  the  lives  of  unnotched  coupons  in  the  as  machined 
or  chromic  acid  anodised  conditions  were  similar. 

(4)  Comparison  of  the  SAAB  and  CFCTP  Ij  dogbone  fatigue  life  data  showed  that  fatigue  testing  in  air 
with  repeated  condensation  or  alternate  immersion  in  distilled  water  was  as  severe  as  fatigue 
testing  continuously  In  salt  spray. 

(5)  Changing  the  environment  (fatigue  testing  schedule)  had  no  significant  effects  on  the  locations 
of  primary  fatigue  origins  in  the  SAAB  U  dogbone  specimens. 
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TABLE  3.1:  OVERVIEW  OF  THE  SAAB  TEST  PROGRA>tME  FOR  FACT 


materials 

AND 

SPECIMENS 


PROTECTION  SYSTEMS 


PROTECTION  SYSTEM 

damage 


FATIGUE  LOADING 


FATIGUE  ENVIRONMENTS 


STATIC  PRE-LYPOSUEE 


TEST  PROGRAMME 


707S-T6  (batches  I  and  II);  none  and  chromic  acid  anodising 


7075-T76:  chromate  conversion  +  inhibited  epoxy  polyamide  primer 
(except  fastener  holes)  +  aliphatic  polyurethane  topcoat 


•  7075-T76:  two  stress  cycles  at  low  temperature  to  crack  paint  and 

primer  around  the  fastener  heads 


•  Constant  amplitude,  S  .  /S  -  0.1 
min  max 


•  Low  humidity  air;  air  with  repeated  condensation;  alternating  immersion 
in  distilled  water 


7075-T6  clad  (batch  1):  8  months  outdoors  near  Stockholm 
(light  industry  area) 

707S-T76:  72  hours  in  5  %  aqueous  NaCl  +  SO^  at  313  K 


SCHEDULES 

UNNOTCHF.D  COUPCNS 

S  -  150  MPa 

max 

CYCLE  FREQUENCY  1,4  Hz 

14  DOGBONES 

S  -  144  MPa 

max 

CYCLE  FREQUENCY 
0.5  Hz 

7075-T6 
(BATCH  il) 

7075-T6 
(BATCH  I) 

fatigue  in  low  humidity  air 

pre-exposure  +  fatigue  in  low 
humidity  air 

• 

• 

fatigue  in  air  with  repeated 
condensation 

• 

• 

pre-exposure  +  fatigue  in  air 
with  repeated  condensation 

• 

• 

fatigue  with  alternating 
immersion  in  distilled  water 

pre-exposure  +  fatigue  with 

• 

• 

alternating  immersion  in 
distilled  water 

• 

• 

STATISTICAL  ANALYSIS 


•  Fatigue  lives  and  primary  fatigue  origins 


TiVBLK  3.3:  FATIGUE  LIFE  AND  FRlMi\RY  FATIGUE  ORIGIN  DATA  FUR  THE  SA/\B  GONTRIBUTIUN  TO  FACT 


TABLE  3.5j  LE.\Sr  SIGSIFIC^VNT  DIKFEKKNCE  TEST  RESIT. IS  1.93  T  CONF  lUflVT:)  fUK  THE  EFfECI  OF  FNV  i  K<  )SMK.\T 
FATlGft;  LIFE  OF  L’NNOTCHED  COITONS 
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TABLE  3.6:  SL'MMARY  OF  DUNCAN'S  NEW  MULTIPLE  RANGE  TEST  RESULTS  (95  Z  CONFIDENCE)  FOR  USSOTCH£D  COUPONS 
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TABLE  3.7:  SUMMARY  OF  DUNCAN'S  NEW  MULTIPLE  RANGE  TEST  RESULTS  (95  Z  CONFIDENCE)  I  jK  SAAB  Ij  DUCBONES 


IfaTIOUE  TESTISC.  SCHED11.E 


I  ^ie-«iipusure  *  tACigur  in  jtiitli'kie  with  ^pit: -rxpu.sarr  •  f«ClKue  wtrh 


COMPASISOSS  OF  DATA  FROM  DIFFERENT  FATlOft  TESTING  SCHEDULE 


DtFfERENCE  | 

BETWEF-N  URi  '■ 

p  MEAN  _  ;  SSR  I 

I  FATIGUE  /2n  n  '  j 

I  LIVES  X  W — LJ  j 


IfACigue  in  air  with  repeated  eondeniac ton.'pre -exposure  •  fatigue  In  air  with  repeated  condensation  I  0  J'*ft  ju  'BSj 

fatigue  in  air  with  repeated  condensation/fatigue  with  alternating  Initerslon  In  distilled  water*  i  0.  Jld  jo  -’SJ  j 


pre  exposure  *  fatigue  In  air  with  repeated  condenaat lon/fat igue  with  alternating  imtersinn  I'’  j  ^  Art?  (1  ’>•1 

/distilled  water  ' 

pre-exposure  ♦  fatigue  In  alt  with  repeated  condensatlon/pre-expos«re  ♦  fatigue  with  alternating  .  ^ 

/ioiserslen  In  distilled  water 

fatigue  with  alternating  Innersion  in  distilled  water/pre-exposure  ♦  fatigue  with  alternating  ^  ^ 

/Lanerslon  In  distilled  water* 

O^ing  to  equal  sample  size  these  comparisons  can  also  be  made  using  the  unmodified  version  of  (h.ncan's  test.  The  same  result  is  obtained 


TABLE  3.8:  LEAST  SIGNIFICANT  DIFFERENCE  TEST  RESULTS  (95  X  CONFIDENCE)  FOR  THE  EFFECT  OF  ENI’IRONMENT  ON 
FATIGUE  LIFE  OF  SAAB  AND  CFCTP  Ij  DOCBONES 


CFCTP 

SAU  1 

FATIGUE  TESTING 
Si:HrN.'LZ 

faclgua  In  air 

pr«-axposura  * 
faCfgug  In  air 

fatigue  in 
salt  spray 

pre-exposure  • 
faclf-ie  In 
salt  spray 

fatigue  In  alt 
with  repeated 
condensation 

pre-exposure  » 
fatigue  in  air 
with  repeated 
condensac ion 

fatigue  with 
elternating 
Immersion  in 
distilled  water 

pre-exposure  * 
fatigue  with 
alternating 
immersion  In 
distilled  water 

LOG  MEAN  FATICL'F. 

LIFE 

5.12S 

S  07? 

6  96? 

r.  819 

4  988 

4  8?8 

4  879 

4  8f'6 

SANPLE  SIZE  n 

J8 

JS 

) 

1  " 

- 

COMPARISONS  OF  DATA  FROM  DIFFERENT  FATIGUE  TESTIMC  SrHEPlT.ES 


fatigue  in  alt/fatigue  in  air  with  repoafed  condensation 

fatigue  in  air'pre-exposure  ♦  fatigue  In  air  with  repeated  rondensaOon 

fatigue  In  atr/fatigue  wlrh  alrernating  immersion  in  distilled  water 

fatigue  in  ai  r/pre  •  exposure  ♦  fatigue  with  at  tern.it  itig  iait-erslon  in  distilled  w..:er 

pre  eKposvne  ♦  tafigue  In  alr/tatigue  in  air  with  repeated  condensation 

pre-expo.sute  ♦  iatlgue  in  alr/pre-exposure  •  fatigue  in  air  with  repeated  rondensatton 

pre ■  expos’.re  ♦  fatigue  in  alr/fatlgue  with  alternating  iiir>er»lon  In  distilled  v.irer 

pre-exposure  *  fatigue  in  alr/pre-exposure  ♦  fatigue  with  alternating  immersion  in  distilled  w-iter 

fatigue  in  salt  sprav/f at igue  In  air  with  repeated  rondensat ion 

fatigue  in  salt  sprav/pre -exposure  ♦  fatigue  in  air  with  repeated  condens.it  ion 

fatigue  in  salt  sprav/fal  igue  with  al  terriAf  tng  iraaetsioft  In  di.stllled  water 

fatigue  in  salt  spray/pre  exposure  ♦  f.itlgue  with  alternating  imnersion  in  distilled  w.ter 

pre-exposiif*  ♦  fatigue  in  salt  spray/fat  Igue  in  ati  with  repe.ited  condensation 

pre-exposure  *  farigue  in  salt  spray/pi e -exposure  •  fatigue  In  alt  with  repeated  eundensat ‘on 

pre  exposure  »  fatigue  in  salt  spray/f  at  igue  with  aliernaring  iimnerslon  in  distilled  water 

pre-exposure  ♦  f.irigue  in  salt  spray/pre  •  exposure  »  tatigoe  with  alteiuatlng  immersion  in  distilled  w.iter 

iarigue  in  air  wUh  repeated  condensat  lon/pre  •  exposure  •  fatigue  In  a;,  with  repe.jted  rotulens.st  loii 

fatigue  in  air  wllli  repeated  condens.- 1  lon/iat  Ig.ue  with  alternating  Imnc-rslun  in  dlstill.-.l  water* 

fitigue  In  air  with  repeated  rondensat  Jon/pre -exposure  »  fatigue  with  at  t  ern.st  ing  imau-raion  m  distilled  w.srei* 

ptc  expoM,.e  •  l.itigue  in  air  with  repeated  rnndt-nsat  ion. lai  Igue  with  alternating  Imsieriioii  in  distilled  w.itet 

pre  exposure  «  fatigue  In  air  wlih  repealed  t,  on.iens.il  J  on/pre  -  exposure  ♦  f.itigue  with  al’ern.iting  inwaeislon  in  distill* 

fatigue  w»(ti  alteinaf.ing  Immei  •.  i.ui  m  ilisfillt-d  w.s'ei/pie  expusjre  ♦  tailgue  with  allernating  imoersl-n  it.  distilled  s 


I  NOTES  I 

(1)  MILL  FINISH  RETAINED  ON  SIDE  SURFACES 
12)  tolerance  INDICATIONS  NOT  INCLUDED 

^ig.  3.1  Unnotched  specimen  configuration  for  the  programme 


Fig.  3.2  The  FFA  envlronaental  chASbere  used  in  the  SAAB  contribution  to  the  FACT  prograue 
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Fig.  3.3  Survey  of  statistical  methods  for  •■alysiitg  the  SAAB  fatigue  life  data  for  FACT 


PRE-EXPOSURE  (BATCH  1 )  NO  PRE  EXPOSURE  (BATCH  D } 
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i*.  THE  NADC  CONTRIBUTION  TO  THE  FACT  PROGRAMME 

J.J.  De  Luccia,  Naval  Air  Development  Centre  NADC,  Aeronautical  Materials  Laboratory,  Warminster, 
Pennsylvania,  USA 

4. 1  Introduction 

The  NADC  contribution  to  FACT  examined  the  effect  of  fastener  fit  (interference  versus  press  fit)  and 
the  use  of  a  flexible,  elastomeric  primer  instead  of  the  standard  nor.-f lexible  primer  selected  for  the 
CFCTP  core  programtDe.  The  advantage  of  using  flexible  paint  systems  to  Improve  the  corrosion  protection  of 
aircraft  has  bean  known  for  many  years.  However,  there  appear  to  be  no  data  comparing  flexible  and  non- 
flexible  paint  systems  with  respect  to  fatigue  ind  corrosion  fatigue  of  aircraft  structural  joints. 

4.2  The  Test  Programme 

An  overview  of  the  test  programme  is  given  in  cable  4.1.  All  specimens  were  Ij  dnp.bones  from  the  same 
material  as  the  CFCTP  core  programme  specimens  but  drilled  to  interference  fit  dimensions,  as  discussed  in 
detail  in  reference  (1).  Cadmium  plated  steel  Hi-Lok  fasteners  were  used.  The  diameter  of  the  holes  for 
the  fasteners  was  6.248  i  0.0127  mm,  see  figure  l.l  of  the  introduction  to  this  part  of  the  report. 

4.2.1  Protection  systems  and  specimen  assembly 

Half  Che  specimens  had  the  same  U.S.  Navy  paint  scheme  as  in  the  CFCTP  core  programme,  see  reference 
(1)  and  Part  11  of  this  report.  The  remaining  specimens  were  painted  and  assembled  in  the  same  way  except 
Chat  a  flexible,  elastomeric  primer  “Koroflex*’  was  used  Instead  of  the  standard  primer.  Koroflex  is  a 
strontium  chromate  inhibited  polyurethane  primer  that  retains  flexibility  even  at  low  temperatures 
(209  K). 

4.2.2  Mechanical  testing  conditions  (static  prestressing  and  fatigue) 

Ail  stresses  were  defined  in  terms  of  loads  on  the  total  cross-section  of  the  fatigue  specimen 
dogbone  at  the  location  of  the  centreline  between  the  fasteners,  i.e.  the  fastener  holes  were  included  ir 
the  cross-sectional  area.  Before  environmental  exposure  and  fatigue  testing  Che  specimens  were  prestressed 
at  209  ±  10  K  by  applying  two  load  cycles  up  to  a  stress  of  215  MPa.  Thf*  ,  ■'>i..ure  for  this  is  discussed 

in  reference  (1),  The  purpose  of  this  low  temperature  prestressing  was  to  ensure  that  intact  non-flexible 

paint  and  primer  layers  would  crack  around  the  Hl-Lok  fasteners  holes,  thereby  simulating  service  damage 
that  enables  corrosion  and  corrosion  fatigue  to  occur. 

The  fatigue  load  history  was  constarc  amplitude  sinusoidal  loading  with  a  stress  ratio  R  *  ^min^^raax 

of  O.l  and  a  maximum  stress  of  210  MPa.  Detailed  procedures  for  fatigue  testing  are  given  in  reference 

(1). 


4.2.3  Environmental  conditions  (pre-exposure,  fatigue  and  corrosion  fatigue) 

Specimens  scheduled  for  static  exposure  to  an  aggressive  environment  before  fatigue  testing  were 

sealed  at  the  faying  surface  side  edges  and  Hi-Lok  collars  to  prevent  corrosion  except  in  Che  fastener 

head  areas.  The  procedure  for  static  pre-exposure  Is  described  in  detail  in  reference  (1).  The  specimens 
were  immersed  for  72  hours  in  5  J  aqueous  NaCl  acidified  by  a  predetermined  amount  of  SO^  gas  and 

maintained  at  315  i  2  K.  The  specimen  cleaning  procedure  after  pre-exposure  followed  the  amendment  in 

section  4.4  of  Part  2  of  reference  (1). 

For  fatigue  testing  all  specimens  were  elecrrically  Insulated  from  the  loading  grips  and  bolts  by 
polymeric  liners  and  bushings.  Specimens  to  be  fatigued  In  salt  spray  were  also  sealed  at  the  faying 
surface  side  edges  and  Hl-Lok  collars.  The  fatigue  environments  were  laboratory  air  and  5  X  aqueous  NaCl 
salt  spray  acidified  with  H2S0^  to  pH  4,  both  at  a  nominal  temperature  of  295  K.  The  salt  spray  tests  were 

done  In  a  specially  constructed  cabinet,  fully  described  in  reference  (1).  The  cyclic  loading  frequencies 
were  as  follows: 

•  fatigue  in  air,  2  Hz 

•  fatigue  in  salt  spray,  0.5  Hz. 

4.3  Results 

The  complete  set  of  fatigue  life  and  primary  fatigue  origin  data  for  the  NADC  contribution  to  FACT  is 
given  In  table  4.2.  The  way  in  which  the  test  programme  was  set  up  had  consequences  for  the  statistical 
methods  used  to  analyse  the  data.  This  will  be  discussed  in  section  4.3.1. 

The  fatigue  life  results  are  presented  and  statistically  analysed  in  section  4.3.2.  This  Is  followed 
by  presentation  and  statistical  analysis  of  the  primary  fatigue  origin  data  in  section  4.3.3. 

4.3.1  Statistical  methods  for  analysing  the  data 

A  survey  of  Che  statistical  methods  for  analysing  the  NADC  data  is  given  in  figure  4.1.  Owing  to  the 
limited  number  of  data  it  had  to  be  assumed  Chat  they  at  least  approximated  to  random  samples  from  log- 
normally  distributed  populations.  Also,  comparison  of  the  data  with  CFCTP  core  programme  data  meant  Chat 
equal  variances  had  Co  be  assumed  and  that  for  some  "fine  tuning"  of  analysis  of  variance  results  modified 
versions  of  the  least  significant  difference  test  and  Duncan's  new  multiple  range  test  had  to  be  used. 
More  details  of  the  statistical  methods  are  given  in  Appendix  II. 
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A. 3. 2  Fatigue  life  data 

The  fatigue  life  data  are  shown  in  figure  A. 2.  The  data  indicate  the  following  trends: 

(1)  For  specimens  with  Interference  fit  Hi-Loks  the  use  of  Koroflex  instead  of  a  standard  U,S.  Navy 
primer  appears  to  have  been  beneficial  in  all  three  environments. 

(2)  The  use  of  interference  fit  Hi-Loks  instead  of  press  fit  Hi-Loks  did  not  improve  fatigue  life. 
(Interference  fit  fasteners  are  usually  considered  to  have  a  beneficial  effect  on  fatigue  life.) 

(3)  The  salt  spray  environment  was  particularly  detrimental  to  fatigue  life. 

As  will  be  discussed,  statistical  analysis  confirmed  trend  (2)  and  shoved  trends  (1)  and  (3)  to  be 
partly  true. 

The  Box  test  was  used  to  check  for  homogeneity  of  variances  of  the  NADC  data,  see  table  A. 3.  The 
variances  were  not  all  equal.  However,  analysis  of  variance  is  a  very  robust  statistical  technique,  such 
that  approximate  compliance  with  the  criterion  of  homogeneity  of  variances  is  sufficient  for  continuing 
the  statistical  treatment  of  the  fatigue  life  data. 

Analysis  of  variance  was  carried  out  separately  for  the  complete  set  of  NADC  data  and  a  combination 
ot  NADC  and  CFCTP  core  programme  data  for  specimens  using  the  standard  U.S.  Navy  primer.  Tlie  results  are 
summarised  in  table  A, A.  The  main  effects  of  environment,  primer  and  fastener  fit  were  found  to  be 
significant.  Since  there  were  only  two  types  of  primer  and  fastener  fit,  it  is  obvious  that  the 
significant  differences  were  between  the  standard  and  Koroflex  primers  and  the  press  and  interference 
fit  Hi-Loks.  Thus  it  was  not  necessary  to  "fine  tune*'  these  results  using  the  least  significant  difference 
test.  However,  this  test  was  used  to  investigate  the  effect  of  environment  (fatigue  testing  schedule). 
The  results  are  given  in  table  A. 5.  Significant  differences  in  fatigue  lives  were  found  mainly  as  a 
consequence  of  fatigue  in  salt  spray. 

According  to  the  analysis  of  variance  the  other  potential  sources  of  variation  (environment  :  primer 
and  environment  :  fastener  fit  interactions)  were  not  significant.  These  were  further  investigited  using 
Duncan's  new  multiple  range  test.  The  results  are  listed  in  tables  A. 6  and  A. 7,  and  show  the  following: 

•  for  specimens  with  interference  fit  Hi-Loks  the  use  of  Koroflex  Instead  of  the  standard  primer  was 
significantly  beneficial  only  for  pre-exposure  +  fatigue  in  salt  spray 

•  use  of  interference  fit  Hi-Loks  Instead  of  press  fit  Hi-Loks  was  either  detrimental  or  liad  no 
significant  effect  on  fatigue  life 

«  Che  salt  spray  environment  was  particularly  detrimental  to  fatigue  life  for  specimens  using  the 
standard  primer  but  not  for  specimens  using  Koroflex. 

A. 3. 3  Primary  fatigue  origin  data 

The  tssc  of  Independence,  Yates'  corrected  Cesc  and  Fisher's  exact  test  were  used  to  analyse 
Che  primary  fatigue  origin  data  for  the  NADC  contribution  to  FACT  and  the  relevant  CFCTP  core  progran.me 
specimens.  The  results  are  given  in  cable  A. 8.  Neither  environment  (fatigue  testing  schedule),  type  of 
primer  nor  fastener  fit  had  significant  effects  on  the  locations  of  fatigue  origins  for  the  test 
conditions  selected. 

A. A  Discussion 

The  present  test  results  show  chat  use  of  the  flexible,  elastomeric  primer  "Koroflex"  was  signifi¬ 
cantly  beneficial  to  Che  fatigue  life  of  IJ  dogbone  specimens  assembled  with  Interference  fit  Hi-Loks  and 
fatigued  In  salt  spray.  Overall  Che  use  of  Koroflex  appears  to  have  been  beneficial  as  compared  to  the  use 
of  a  standard,  non-flexlble  U.S,  Navy  primer. 

Use  of  interierence  fit  Hi-Loks  instead  of  press  fit  Hi-Loks  did  not  improve  fatigue  life.  The  reason 
is  chat  under  load  the  Ij  dogbone  specimen  exhibits  secondary  bending  that  increases  when  the  clearance 
between  fasteners  and  holes  is  reduced,  see  references  (2,  3)  and  Appendix  1.  This  characteristic 
behaviour  tends  to  nullify  the  usually  beneficial  effect  on  fatigue  life  of  using  interference  fit 
fasteners. 

Changing  from  fatigue  in  air,  with  or  without  pre-exposure,  to  pre-exposure  +  fatigue  in  salt  spray 
resulted  in  signif icantly  shorter  fatigue  lives  for  specimens  using  the  standard  primer,  irrespective  of 
fastener  fit.  The  use  of  Koroflex  resulted  in  the  detrimental  effect  of  salt  spra.’  becoming  statistically 
Insignificant. 

A. 3  Conclusions 

(1)  Use  of  the  flexible,  elastomeric  primer  ’^Koroflex"  instead  of  a  standard,  non-flexible  L’.S.  Navy 
primer  was  beneficial  to  fatigue  life,  notably  in  a  salt  spray  environment. 

(2)  Use  of  interference  fit  Hi-Loks  Instead  of  press  fit  Hl-Loks  did  not  Improve  the  fatigue  life  of 

dogbone  specimens. 

O)  Changing  from  fatigue  in  air,  with  or  without  pre— exposure ,  to  pre-exposure  fatigue  In  salt 
spray  resulted  in  significantly  shorter  fatigue  lives  for  specimens  using  the  standard  U.S.  Navy 
primer.  However,  the  use  of  Koroflex  resulted  In  statistically  equivalent  fatigue  lives. 

(A)  Neither  environment  (fatigue  testing  schedule),  type  of  primer  nor  fastener  fit  had  significant 
effects  on  the  locations  of  primary  origins  of  fatigue. 
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MATERIAL 

SPECIMEN 

PROTECTION  SYSTEMS 

PROTECTION  SYSTEM 
DAMAGE 

FATIGUE  LOADING 

FATIGUE  ENY'IRONMENTS 

STATIC  PRE-EXPOSURE 

TEST  PROGRAMME 

STATISTICAL  ANALYSIS 


TABLE  4.1:  OVERVIEW  OF  THE  NADC  TEST  PROGRAMME  FOR  FACT 


•  3.2  mm  thick  7075-T76  aluminium  alloy  sheet  (CFCTP  core  programme 

material) 


INTERFERENCE  FIT  Hi-Uk  FASTENERS 


•  Chromate  conversion  +  inhibited  epoxy  polyamide  primer  (except  fastener 
holes)  +  aliphatic  polyurethane  topcoat: 

Chromate  conversion  +  Koroflex  elastomeric  inhibited  polyurethane 
primer  +  aliphatic  polyurethane  topcoat 


•  Two  stress  cycles  at  low  temperature  to  crack  non-flexible  paint 
and  primer  around  the  fastener  heads 


•  Constant  amplitude.  S  .  /S  -  O.l.  S  -  210  MPa 

^  min  max  max 

•  Laboratory  air;  5  %  aqueous  NaCl  sale  sprav  with  pH  4 

•  72  hours  in  3  %  aqueous  NaCl  +  SO^  at  315  K 


SCHEDULES 

STANDARD 

PRIMER 

KOROFLEX 

PRIMER 

fatigue  in  air 

• 

• 

pre-exposure  +  fatigue  in  air 

• 

• 

pre-exposure  +  fatigue  in  salt  spray 

• 

• 

•  fatigue  lives  and  primary  fatigue  origins 


NAOC  FACT  DATA 


CFCTP  CORE  PROGRAMME 
PRIMARY  FATIGUE  ORIGIN 
DATA  EXCLUDING  SPECIMENS 
REORILLEDTO  PRESS  FIT 
DIMENSIONS  AND  SPECIMENS 
WITH  CORRODED  FRACTURE 
SURFACES  AFTER  PRE 
EXPOSURE  ^FATIGUE  IN  AIR 


PRIMARY  FATIGUE  ORIGINS 


FATIGUE  LIVES 


ASSUME  AT  LEAST  APPROXIMATE 
LOG-NORMAL  DISTRIBUTIONS 


CFCTP  CORE  PROGRAMME 
FATIGUE  LIFE  DATA  EXCLU 
DING  SPECIMENS  REORILLED 
TO  PRESS  FIT  DIMENSIONS 
AND  SPECIMENS  WITH 
CORRODED riACTURE 
SURFACES  AFTER  PRE 
EXPOSURE  '  FATIGUE  IN  AIR 


YATES' C0B(1ECTED\’tEST 

1 

TEST  FOR  HOMOGENEITY 

OF  VARIANCES 

•  OniGiNSANO  FASTENER  FIT 

1 

•  ORIGINSANO  ENVIRONMENTS 

1 

•  BOX  TEST  TO  CHECK  FOR 

1 

■ 

DIFFERENCES  BETWEEN  PRIMER 

1 

•  ORIGINS  ANOPRIMEflS 

_ 1 

1 

TYPESPER  FATIGUE  TEST 
CONDITION 

ASSUME  EQUIVALENCE  OF  CFCTP 
ANO  NAOC  MECHANICAL  TESTING 
AND  AT  LEAST  APPROXIMATE 
HOMOGENEITY  OF  VARIANCES 


Fig.  4.1  Survey  of  statistical  mcthoil*  lor  analysing  ihp  .SADT  <Jala  for  FACT 


Fig.  4,2  NADC  fatigue  life  data  contribution  to  the  FACT  programme  ami  CFCTP  core  programme  fatigue 

Illc  data.  The  CFCTP  core  programme  data  exclude  specimens  redrllled  to  press  fit  dimensions 
and  specimens  with  corroded  fracture  surfaces  after  pre-exposure  ♦  fatigue  in  air 


THE  AFWAL  CONTRIBUTION  TO  THE  FACT  PROGRAMME 


N.R.  Oncko,  Air  Force  Wright  Aeronautical  Laboratories  AFVAL,  Materials  Integrity  branch,  Syslctns 

Support  Division,  Dayton,  Ohio,  USA 

S.  I  Introduction 

The  AFWAL  contribution  to  FACT  concentrated  on  the  effects  of  using  anot*-'*  fastener  systeni 
(SLEEVbolt)  to  replace  the  Hi-Lok  system  chosen  for  the  CFCTP  core  prograniuie .  The  SLEEVbult  fastener 
system  is  of  particular  Interest  because  It  can  be  used  to  repair  a  structure.  The  system  Incorporate?,  a 
tapered  pin  in  an  internally  tapered/externally  straight  shanked  sleeve. 

In  addition  the  effects  of  installing  press  fit  Hi-Loks  with  or  without  polysulpliide  sealant  in  the 
fastener  holes  were  investigated. 

5.2  The  Test  Programme 

An  overview  of  the  test  programme  is  given  in  table  5.1.  All  specimens  were  Ij  du^t^ncs  from  the  same 
batch  as  the  CFCTP  core  programme  specimens  and  with  the  same  U.S.  Navy  paint  scheme,  as  discussed  In 
detail  in  reference  (1)  and  Part  II  of  this  report.  However,  some  of  these  specimens  were  altered  by 
removing  the  press  fit  Hi-Loks  and  either  reinstalling  them  with  sealant  or  replacing  them  by  SLEEVbnlts. 

5.2.1  Fastener  systems 

The  specimens  were  supplied  to  the  AFWAL  containing  press-fit  Hi-I.i»ks  dry  installed  in  chri*inate 
conversion  coated  fastener  holes.  For  some  of  these  specimens  the  Hl-Loks  were  removed  and  eittier  re¬ 
installed  "wet",  i.e.  coated  with  sealant,  or  replaced  by  SI.EEVbol  is .  Figure  5.1  illustrate*,  the 
installation  of  both  types  of  fastener  system:  Installation  details  are  given  in  references  (1  - 

The  sealant  used  in  reassembling  specimens  with  Hi-Loks  was  a  pt'lysulphide  with  added  -hrotr.ites  f-'f 
corrosion  inhibition  and  conforming  to  MIL-S-817J3  B.  Most  *.»f  the  sealant  was  srpieezed  out  during  Hi-l,ok 
installation  but  some  remained  around  the  fastener  head  to  seal  off  the  countersink  area. 

To  reassemble  specimens  with  SLEEVbolts  the  fastener  holes  were  redrilied  from  t .  i<jb  mm  to  mm 

nominal  diameter.  The  holes  were  left  In  the  as-machined  condition.  The  SLKEVb,'it  combin.jt  it'n  selected  t<’r 
installation  was  an  aluminium  coated  steel  bolt  with  an  aluminium  sleeve.  The  tasteners  were  pressed  into 
place  before  installation  of  the  lU-Lok  collars.  Instal  lat  i<'-n  resulted  in  ,j  typical  interference  of 
0.064  mm. 

5.2.2  Mechanical  testing  conditions  (static  prestresstng  and  fatigue) 

All  stresses  were  defined  in  terms  of  loads  on  the  total  cross-section  <>1  the  fotigue  specimen 
dogbone  at  the  location  of  Che  centreline  between  the  fasteners,  i.e.  the  fasce'«er  holes  were  included  in 
the  cross-sectional  area.  This  meant  that  Che  net  section  stresses  fur  the  specimens  with  SlKFVboIts  were 
approximately  8  X  higher  chan  chose  fk>r  the  specimens  containing  Hi-I..)ks. 

Before  environmental  exposure  and  fatigue  testing  the  specimens  with  were  [irestressed  .it 

209  t  10  K  by  applying  two  load  cycles  up  to  either  the  m<>.\imum  stress  occurring.  In  the  subsequent  fatlgi;e 
test  or  215  MPa,  whichever  was  the  greater.  The  procedure  for  this  is  discussed  in  reference  U'.  The 
purpose  of  this  low  temperature  prestressing  was  to  ensure  cliat  anv  int-jct  paint,  primer  and  se-ilant 
layers  were  brittle  and  would  crack  around  the  Hi-Lok  fastener  holes,  iherebv  simulating  service  damage* 
that  enables  corrosion  and  corrosion  fatigue  to  occur. 

The  specimens  containing  SLEEVbolts  were  not  prestressed  at  1,jw  reaper, dure.  This  w.is  considered 
unnecessary  because  the  specimens  had  not  been  repainted  after  reassemb I v . 

The  characteristic  fatigue  stress  levels  for  the  test  progr.inme  h.tve  beeti  indic.Jted  alreadv  in  table 
5.1.  These  stress  levels  were  obtained  frc'iJi  the  pilot  tests  described  in  sei  t  iv«n  1  . of  tbl'?  part  o*  the 
report.  The  fatigue  load  histories  were  constant  amplitude  sinus. -id.ii  loadit.g  witii  .i  stress  rati.  R  * 

S  .  /S  of  0.1  and  the  manoeuvre  spectrum  FAI.STAFF  (references  5,  hi.  A  s{;<.'rl  desuripti.'n  >:  tliis 
min  max  ' 

spectrum  is  given  In  section  1.3  of  this  part  of  the  report, 

5.2.3  Environmental  conditions  (pre-exposure,  fatigue  and  corrosion  fatigue) 

Specimens  scheduled  for  static  exposure  to  an  aggressive  envir.-nmenc  before  fatigue  testing  were 

sealed  at  Che  faying  surface  side  edges  and  Hi-Lok  collars  to  prevent  corr.-'s i ..ti  except  in  the  f.isceiier 

head  areas.  The  procedure  for  static  pre-exposure  is  described  in  detail  in  reference  (U.  Tfie  specimens 
were  immersed  for  72  hours  In  5  Z  aqueous  NaCl  acidified  bv  a  predetermined  >m<>unt  ot  Si;  ^  v.is  and 

maintained  at  315  *  2  K.  The  cleaning  proced'ire  after  pre-exposure  folK'wed  Che  unamended  procedure  in 

section  7.4  of  Part  1  of  reference  (1). 

For  fatigue  testing  all  specimens  were  electrically  Insulated  from  the  loading  grips  and  b.,lts  bv 
polymeric  liners  and  bushings.  Specimens  to  be  fatigued  in  salt  sprav  were  also  sealed  at  the  laving 
surface  side  edges  and  Hi-Lok  collars.  The  fatigue  environments  were  laboratorv  air  and  5  7  .tque.ms  SaC.l 
salt  spray  acidified  with  H.,S0^  to  pH  4,  both  at  a  nominal  temperature  of  295  K.  Ihe  salt  sprav  tests  were 
done  In  a  specially  constructed  cabinet,  fully  described  in  reference  (1), 
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‘i.J  Results 

The  cotnplcte  :^et  ol  l.iii^ue  I  i  t  o  uid  prlm.irv  f.itimie  orI>;i«i  d.ita  !  -r  I'n*  AFWAI  c«‘(it  i  ibut  ix)n  c..  KA'I 
is  j;iven  in  toble  ii .  J .  The  way  In  w'nich  thf  lest  pr<->*rainme  was  set  up  and  the  results  had  consequeix.  es  ‘.r 
the  statistical  methods  used  to  analyse  the  data.  This  will  be  discussed  in  seotim;  -  i .  1  . 

The  fatigue  life  results  are  presented  and  stal  ist  i':al  ly  anaivsed  in  section  This  is  loli^'Wed 

by  presentation  and  statistical  analysis  ot  the  primary  fatigue  origin  data  in  e«ctlt>n  S.J.j. 

y.i.l  Statistical  methods  tor  analvsing  the  data 

A  survey  of  the  statistical  methods  for  .inalysing  the  AFVAI.  data  is  given  in  li;;ure  .  'Vln/.  tiie 
liniced  number  and  unequal  sample  sii:es  of  the  fatigue  life  data  it  had  to  be  assumed  that  they  at  least 
approximated  to  random  samples  from  log-normally  distributed  pt>pulati<*ns  with  equal  variance.  Unequal 
sample  sizes  also  meant  chat  modified  versions  of  the  least  significant  difference  test  and  Durcc»n's  new 
multiple  range  test  would  have  Co  be  used  for  "fine  Cijning"  the  analysis  of  variance  results.  y*'re  details 
of  tlie  statistical  methods  are  given  in  Appendix  11. 

Fatigue  life  data 

Ihe  iJtigue  life  data  are  shi'un  in  tigure  ''.3.  These  data  indicate  that  (>rc-e>.posv:rc  fatigue  ir. 
salt  spray  resulted  in  sliorter  lives  than  fatigue  in  .lir.  This  was  coni  irmed  b>  two-way  analysis  oi 
variance,  the  results  of  which  arc  summarised  in  table  3.3.  Since  there  were  onlv  tw.  test  schedules 
representing  the  effect  of  environment  datlgue  In  air,  pre-exposure  +  fatigue  :n  salt  spray)  it  is 
obvik'us  that  the  significant  difterence  is  between  them.  Thus  it  was  not  necessarv  to  "fine  tune"  tl.is 
result  using  the  least  signiiicant  diiferenve  test. 

According  to  tiie  .»nalysi«  of  v.i.'lar.re  tii*-  "ther  of  viri;ti"n  (fastener  system, 

enviriMiment  :  Lastener  sy.steu  interact  i^-ns)  were  not  significant.  These  were  further  investig.iled  usir, 
Duncan's  new  multiple  range  test.  The  results  are  given  in  table  3.D.  For  both  c..on^tjnc  amplitude  a-'d 
FALSTAFF  K-ading  and  for  a  given  test  scliedule  (t-nv  i  ronroenta  i  condition)  there  were  no  s  i  gn  i  t  i an  t 
<lif feretices  in  fatigue  lives  owing  to  ditferent  fastener  insC  illai  inns. 

3.3.3  Primary  fatigue  origin  data 

Yates'  corrected  test  and  Fisher’s  exact  test  w<;re  used  to  analyse  the  prin.iry  f.itigu**  s;rigii'  d.ii.i 
li.sted  in  table  3.2.  Owing  to  the  limited  number  of  data  it  was  m.it  possible  to  analyse  separateiv  for 
wcch  combination  of  fatigue  load  history,  environment  and  fastener  system,  instead  various  "lumjied" 
combinations  were  examined  including  combining  data  for  constant  amplitude  and  FAl. STAFF  loading.  This  is 
relt  to  be  jiJStilied  since  ot..-..  results  (see  tlie  NLK  and  I.RTh  contribution  to  FACT/  show  tl.at  the 
dependence  >/f  primary  fatigue  origin  locations  on  stress  level  is  similar  ror  c-'nM.-i:it  intpiuude  and 
FALSTAFF  Loading,  such  chat  the  same  trends  are  obtained  for  a  constant  amplitude  S  of  l-i  MPa  itn!  .i 

max 

FALSTAFF  S  of  .’3b  .MPa.  The  results  of  Che  tests  are  summarised  in  table  3.3.  Both  environment  M.iticuv 
max 

testing  schedule;  and  fastener  system  had  significant  effects  <>n  the  locations  of  pritnarv  i.aigue  -'rigjns, 
a  .s  fell  ows  : 

(1)  Changing  from  fatigue  in  air  to  pre-exposure  +  fatigue  in  salt  spray  promoted  failure  inltiati  n 
in  the  bores  IF./Q)  and  countersink  areas  (B/N,  C,  li)  of  the  fastener  hole.s,  wpcci.iU,  tor 
-specimens  with  slight  press  fit  hi-I.oks  installed  dry  .is  per  v.Fi.TP  «  ■  rc  progr.imme. 

ill  Lae  of  Sl.FEVbt'l  ts  promoted  failure  initiation  in  the  countersink  -ire. is  ((.,  D)  •'!  the  f.tstener 
holes.  This  effect  is  especially  noticeable  for  specimens  fatigued  in  .lii,  see  table  a... 

5  ,  -  Discuss  ion 

Use  of  the  ii  dogbe-ne  specimen  for  this  test  programme  is  a  fairly  seve*-,-  tc'-l  oi  the  etficacv  .^f 
ttie  bI.EEVbulC  fastener  system.  Under  load  the  Ij  dogbone  specimen  exhihits  stf-iijarv  bendinv’  that 
increases  when  tlie  clear.ince  between  f.asten»Ts  and  holes  is  reduced,  sec  rufcrcncos  '  ’ ,  F)  .o  d  Aj  ii  sidix  i. 
This  characteristic  behavlmir  tends  to  nunity  the  usually  hmelicial  effect  -..n  l.itigue  life  of  usir,; 
interierence  fit  fasteners. 

Un  the  other  h.ind,  the  equivalent  fatigue  lives  j-f  specimens  tt'nt.iLning  hi-i,oks  and  SIFFVholts 
demonstrates  the  usefulness  of  SlEFVbolts  for  repairing  .i  structure. 

(Jidiiging  from  fatigue  in  air  to  pre-exposure  +  fatigue  in  salt  spr.iy  resulted  in  s  i  cn  1 1  i  c.m  t  1  v 
shorter  f.Jtigue  lives.  Wet  1  nst  .i  1  I  at  ion  of  pres,,  fit  Hi-I.oks  using  infilhited  pol  y  su  1  j'h  i  dt-  sralanl  made  no 
d  i  I  I  e  rence . 
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5.5  Conclusions 

(1)  The  usefulness  of  Sl.EEVbolts  for  repairing  aircraft  structures  has  been  demonstrated. 

(2)  Wet  installation  of  press  fit  Hi~Loks  using  inhibited  polysulphide  sealant  was  noi  beneficial  to 
corrosion  fatigue  resistance. 

(i)  Changing  from  fatigue  in  air  to  pre-exposure  +  fatigue  In  salt  spray  promoted  failure  initiation 
in  the  bores  and  countersink  areas  of  fastener  holes  and  reduced  the  number  of  failures 
commencing  at  faying  surfaces. 

(A)  Use  of  SLEEVbclts  Instead  of  press  fit  Hi-Loks  promoted  failure  initiation  in  the  bare 
countersink  areas  of  fastener  holes. 
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TABLK  5.1;  OVFRVIEV  OF  THE  AFWAL  TEST  PROGRAMME  FOR  FACT 


MATERIAL  •  3.2  mm  thick  7075-T76  aluminium  alloy  sheet  (CFCTP  core  programme 

rr*a'  irial) 


PRESS  FIT 


3-2 

SLEEVbolt  specimens:  chromate  conversion  +  inhibited  epoxy  polyamide 
primer  (except  fastener  holes)  *■  aliphatic  polyurethane  topcoat 

Hi'Lok  specimens:  :hromace  conversion  +  inhibited  epoxy  polyamide 
primer  (except  fastener  holes)  ♦  aliphatic  polyurethane  topcoat  and 
with  or  without  Inhibited  polysulphide  sealant  in  the  fastener  holes 


PROTECTION  SYSTEM  •  Hi-Lok  specimens:  two  stress  cycles  at  low  temperature  to  crack 

DAMAGE  paint  and  prirer  around  the  fastener  heads 


FATIGUE  LOADING  •  constant  amplitude.  S  .  /S  -  0.1,  S  -  1<'«4  MPa;  FALSTAFF, 

S  -  238  MP« 
max 

FATIGUE  ENVIRONMENTS  e  laboratory  air;  5  %  aqueous  NaCl  salt  spray  with  pH  4 


STATIC  PRE-EXPOSURE  e  72  hours  in  5  %  aqueou.s  N.iCl  »  SO^  at  315  K 


SPECIMEN 


PROTECTION  SYSTEMS 


CFCTP  CORE  PROGRAMME 

SPECIMENS 

SCHEDULES 

FATIGUE  LOAD  HISTORY 

AS 

RECEIVED 

1 

Hi  -Uk- 
REINSTALLED 
WITH  SEAU.NT 

Hi  -Lok;, 
RKPIwiCED  BY 
SLEEVboUs 

fatigue 

constant  amplitude, 
cycle  frequency  2  Hi 

* 

• 

in  air 

FALSTAFF. 

cycle  frequency  7  H2 

• 

• 

pre-exposure 

constant  ampl i tude , 
cvcle  frequency  0.5  Hz 

• 

• 

• 

salt  spray 

FALSTAFF. 

cycle  frequency  2  Hz 

• 

• 

• 

‘reviously  tested  in  the  uFOTP  core  programme 


STATISTICAL  ANALYSIS 


fatigue  lives  and  primary  fatigue  origins 


lABi.i:  FATICUL  LLi'L  ,\Nl)  PRi:ii\RY  FATlCUt:  ORlCilN  DATA  E-OR  THE:  Ai  WAl.  CONTRIBUTION  TO  I'ACT 


TABLE  5.3:  SU>LN1ARY  OF  A.SALYS1S  OF  VARIANCE  RESULTS  (95  Z  CONFIDENCE) 
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DflILL  STRAIGHT  INSERT  SLIGHT  PRESS  INSTALL  COLLAR  WITH  COLLAR  END  SHEARS 

OIAMETERHOLE  PIT  Hi  Lok  PIN  WITH  SPECIAL  HATCHET  WRENCH  OFFATCORRECT 

WITH  COUNTERSINK  OR  WITHOUT  TORQUE  LEVEL 

SEALANT  ON  PIN 


REQRILL  STRAIGHT  INSERT  CRITICAL  PULL  BOLT  INTO  COLLAR  END  SHEARS 

OIAMETERHOLE  CLEARANCE  FIT  INTERFERENCE  PIT  BY  OFFATCORRECT 

WITH  COUNTERSINK  SLEEVbolt  ASSEMBLY  INSTALLING  Hi-Lok  COLLAR  TORQUE  LEVEL 

(TAPERED  BOLT  IN  WITH  SPECIAL  RATCHET 

TAPERED  INSIDE  WRENCH  (ALTERNATIVELY 

DIAMETER  SLEEVE)  PRESS  BOLT  IN  AND  INSTALL 

H.  Lok  COLLAR) 


Fig.  3.1  Fastener  systems  used  in  the  AFWAL  contribution  to  FACT 


1.000.000  1000 


CYCLESTO  FAILURE 


SIMULATED  FLIGHTS  TO  FAILURE 


Fig.  5.3  AFVi'aL  fatigue  life  data  contribution  to  the  FACT  programnc 


THt  NDkE  CONl'KIBL’TION  TO  THE  FACT  PROGRAMME 


Sf> 


6. 

L.  Stivoicl,  Norwegian  Defence  Research  Establishment  SDRE,  Division  for  Weapon  and  Equipment,  KJeller, 

Norway 

K.  Asb(ill,  A/S  Raufoss  Amounisjonsfabrikker,  Metallurgy  Divisicsn,  Raufoss,  Nc>rway 

6 . 1  Inc roduc t ion 

The  NDRE  contribution  to  FACT  compared  the  fatigue  and  corrosion  fatigue  properties  of  707S  .il  uminiuiu 
alloy  sheet  in  the  T76  and  RRA  (retrogression  and  reage)  conditions.  As  is  well  known,  the  T7f)  condition 
provides  improved  resistance  to  stress  corrosion  compared  to  the  T6  temper  but  is  accompanied  by  a 
strength  reduction  of  5  -  10  %.  The  RRA  treacment  was  developed  to  avoid  this  strength  loss  (reference  1). 

In  the  first  instance  7075-T6  sheet  was  supplied  to  the  NDRE  from  a  common  batch  purchased  by  Che  NLR 
and  also  supplied  to  the  lABG  and  RAE,  see  cable  l.i  of  the  mcroduccior  to  this  part  of  the  report.  This 
sheet  material  was  subsequently  converted  to  the  T76  and  RRA  conditions  by  the  A/S  Raufoss  Ammunisjons- 
fabrikker. 

Conversion  to  the  T76  condition  is  achieved  simply  by  overageing  7075-T6  for  several  hours  (typically 
about  10  hours)  at  463  i  3  K.  The  RRA  treacment  is  a  more  complex  two-step  process.  7075-T6  is  first 
"retrogressed"  at  a  temperature  between  473  -  533  K  for  a  short  time  (1  -  J  minutes  at  most).  This  is 
usually  accomplished  in  a  silicone  oil  bach  In  view  of  the  short  times  involved.  The  material  is  then 
water  quenched  and  reaged  at  393  K  for  between  16  -  48  hours. 

In  Che  present  work  the  RRA  treatment  consisted  of  retrogression  in  a  salt  bath  at  5lJ  K  t‘!r  35  s, 
followed  by  reageing  at  393  K  for  24  hours. 

6.2  The  Test  Programme 

An  overview  of  the  test  programme  is  given  in  cable  6.1.  All  specimens  were  the  Ij  dogbone 
configuration  discussed  in  detail  in  reference  (2)  and  recommended  for  the  F  CT  programme.  Cadmium  [lateJ 
steel  Hi-Lok  fasteners  were  used.  The  diameter  of  the  holes  for  the  fasteners  was  6.306  r  0.044  mm,  which 
corresponds  to  a  slight  press  fit,  see  figure  l.l  of  the  introduction  to  this  part  of  the  report. 

After  conversion  of  the  sheet  material  to  the  T76  and  RRA  conditions  the  specimens  were  manufactured, 
painted  and  assembled  by  the  U.S.  Naval  Air  Development  Centre  NADC.  The  specimens  had  t’.ie  same  L'.S.  Nav;. 
paint  scheme  as  in  the  CFCTP  core  programme,  see  reference  (2)  and  Part  11  of  this  report. 

6.2.1  Material  properties 

Engineering  property  data  of  the  7075  sheet  as  supplied  in  the  16  temper  and  after  conversion  to  Che 
r76  and  RRA  conditions  aio  compared  with  data  {or  the  7075-T76  sheet  used  in  the  CFCTP  core  programme  as 
follows : 


MATERIALS 

0.2  ^  YIELD  STRESS  (MPa) 

CTS  (MPa) 

ELONGATION  % 

7U75-T6 

547 

382 

11.2 

7U75-T76  (conversion) 

485 

537 

1  7 

7075-T6RRA  (conversion) 

562 

582 

16 

479  (max) 

550  (max) 

7075-T76  (CFCTP  coie 

!  1  .0 

programmo) 

455  (min) 

541  imln) 

6.2.2  Mechanical  testing  conditions  (static  prestressing  and  fatigue) 

All  stresses  were  defined  in  terras  of  loads  on  the  total  cross-section  of  Che  fatigue  specimen 
dogbone  at  the  location  of  Che  centreline  between  the  fasteners,  i.e.  the  fascenc  holes  were  Included  In 
the  cross-sectional  area. 

Before  environmental  exposure  and  fatigue  testing  all  specimens  were  prestressed  at  209  t  10  K  bv 
applying  two  load  cycles  up  to  either  the  maximum  stress  occur; ing  in  the  subsequent  fatigue  test  or 
215  MPa,  whichever  was  the  greater.  The  procedure  for  this  Is  discussed  in  reference  <2).  The  purpose  of 
this  low  temperature  prestressing  was  to  ensure  that  the  paint  and  primer  layers  were  brittle  and  woi.ld 
crack  around  the  Hi-I.ok  fastener  holes,  thereby  simulating  service  damage  that  enables  corrosion  and 
corrosion  fatigue  to  occur. 

The  characteristic  fatigue  stress  levels  for  the  test  programme  have  been  indicated  already  in  table 
6.1.  These  stress  levels  were  obtained  from  the  pilot  tests  described  in  section  I .  •<  o{  this  part  of  the 
report.  Detailed  procedures  for  fatigue  testing  are  given  in  reference  (2).  The  tatlgue  load  histories 
were  constant  amplitude  sinusoidal  loading  with  a  stress  ratio  R  =  S  ,  /S  of  (j.l  and  the  manoeuvre 

min  max 

spectrum  lALSTAFF  (references  3,  4).  A  short  description  of  FALSTAFF  is  given  In  section  1.3  of  this  part 
<if  the  report . 

6.2.3  Environmental  Conditions  (pre-exposure,  fatigue  and  corrosion  fatigue) 

Specimens  '..heduled  for  static  exposure  to  an  aggressive  environment  before  fatigue  testing  were 
sealed  at  the  faying  surface  side  edges  and  Hl-Lok  collars  to  prevent  corrosion  except  In  the  fastener 
head  areas.  The  procedure  for  static  pre-exposure  Is  described  in  detail  in  reference  (2).  The  specimens 
were  immersed  for  72  hours  in  5  %  aqueous  NaCl  acidified  by  a  predetermined  amount  of  SO^  gas  and 


K7 


maintained  at  313  l  2  K.  The  specimen  cleaning  procedure  after  pre-expoaure  followed  the  amendment  In 
section  4.4  of  Part  2  of  reference  (2). 

For  fatigue  testing  all  specimens  were  electrically  insulated  from  the  loading  grips  and  bolts  by 
polymeric  liners  and  bushings.  Specimens  to  be  fatigued  in  salt  spray  were  also  sealed  at  the  faying 
surface  side  edges  and  Hl-Lok  collars.  The  fatigue  environments  were  laboratory  air  and  3  X  aqueous  NaCl 
salt  spray  acidified  with  ^2^^^  both  at  a  nominal  temperature  of  293  K.  The  salt  spray  tests  were 

done  in  a  specially  constructed  cabinet »  fully  described  in  reference  (2). 

The  nominal  cycle  frequencies  for  each  combination  of  facigi.c  load  history  and  environment  were  as 
follows: 


FATIGUE  LOAD  HISTORY 

NOMINAL  CYCLE  FREQUENCY 

fatigue  in  air 

fatigue  In  salt  spray 

constant  amplitude,  R  >  0.1 
FALSTAFF 

2  Hz 

15  Hz  j 

0.5  Hz 

2  Hz 

6.3  Results 

The  complete  set  of  fatigue  life  and  primary  fatigue  origin  data  for  the  NDRE  contribution  to  FACT  is 
given  In  table  6.2.  The  way  In  which  the  test  programme  was  sec  up  and  the  results  had  consequences  for 
the  statistical  methods  used  to  analyse  the  data.  This  will  be  discussed  in  section  6.3.1. 

The  fatigue  life  results  are  presented  and  statistically  analysed  in  section  6.3.2.  This  Is  followed 
by  presentation  and  statistical  analysis  of  Che  primary  fatigue  origin  data  in  section  6.3.3. 

6.3.1  Statistical  methods  for  analysing  Che  data 

A  survey  of  the  statistical  methods  for  analysing  the  NDRE  data  is  given  in  figure  6.1.  Owing  to  the 
limited  number  of  data  it  had  to  be  assumed  chat  they  at  least  approximated  to  random  samples  from  log- 
normally  distributed  populations.  Also*  unequal  sample  sizes  for  the  FALSTAFf  data  and  comparison  of  Che 
constant  amplitude  data  with  CFCTP  core  programme  data  meant  chat  equal  variances  had  to  be  assumed  for 
analysis  of  variance,  and  that  for  some  "fine  tuning"  of  analysis  of  variance  results  modified  versions  of 
Che  least  significant  difference  test  and  Duncan's  new  multiple  range  test  had  to  be  used.  More  details  of 
Che  scatisclcal  methods  are  given  in  Appendix  11. 

6.3.2  Fatigue  life  data 

The  fatigue  life  data  are  shown  in  figure  6.2.  In  a  general  way  these  data  indicate  that  stress  leve' 
(FALSTAFF),  environment  and  material  had  significant  effects  on  fatigue  lives.  As  will  be  shown,  this  wa 
confirmed  by  scd*'lsclcal  analysis. 

The  Box  test  was  used  to  check  homogeneity  of  variances  of  the  NDRE  constant  amplitude  data.  The 
variances  were  found  to  be  equal,  see  table  6.3.  Analysis  of  variance  was  carried  out  separately  for  the 
constant  amplitude  and  FALSTAFF  data.  The  results  are  summarised  in  table  6.4.  The  main  effects  of  stress 

level,  environment  and  material  were  found  to  be  significant.  Because  there  were  only  two  stress  levels 

for  the  FALSTAFF  tests  and  only  two  test  schedules  representing  the  effect  of  environment  (fatigue  in  air, 

pre-exposure  +  fatigue  in  salt  spray)  it  is  obvious  chat  the  significant  differences  were  between  each 

stress  level  and  each  environment.  For  the  FALSTAFF  tests  it  is  also  evident  that  the  significant  effect 
of  material  is  due  to  7075-T6RRA  specimens  having  longer  average  fatigue  lives  than  7075-T76  (conversion) 
spec imens . 

For  the  constant  amplitude  tests  there  were  three  material  conditions.  The  least  significant 

difference  test  was  therefore  used  to  "fine  tune"  the  significant  material  effect  Indicated  by  analysis  of 
variance.  The  results  are  given  in  table  6.5  and  show  that  also  for  constant  amplitude  loading  the 
7075-T6RRA  specimens  had  significantly  longer  average  fatigue  lives  than  707S-T76  specimens. 

The  other  potential  sources  of  variation  (2 -way  and  3-way  interactions)  were  not  found  to  be 

significant  by  analysis  of  variance.  These  were  further  investigated  using  Duncan's  new  multiple  range 
teat.  Table  6.6  lists  the  results,  which  may  be  described  as  follows: 

(1)  The  effect  of  stress  level  (FALSTAFF)  was  significant  for  each  environment  and  material. 

(2)  The  effect  of  environment  depended  on  load  history,  stress  level  and  material.  Changing  from 

fatigue  In  air  to  pre-exposure  +  fatigue  in  salt  spray  was  especially  significant  in  reducing  the 

fatigue  lives  of  7075-T6RRA  specimens  tested  under  constant  amplitude  loading  and  FALSTAFF  with 
S  =  289  MPa. 

max 

(3)  Although  7075-T6RRA  specimens  generally  had  significantly  longer  average  fatigue  lives  than 
7075-T76  specimens,  this  was  not  true  for  all  combinations  of  load  history,  stress  level  and 
environment.  Changing  from  fatigue  In  air  to  pre-exposure  +  f.-Jttgue  in  salt  spray  tended  to 
reduce  the  differences  between  materials. 

6.3.3  Primary  fatigue  origin  data 


Yates'  corrected  x*  test  and  Fisher's  exact  test  were  used  to  analyse  the  primary  fatigue  origin  data 
listed  in  table  6.2.  The  results  are  summarised  in  table  6.7.  Only  one  significant  effect  was  found. 


namely  the  Influence  of  environment  (fatigue  testing  schedule)  on  Che  locations  of  primary  fatigue  origins 
In  specimens  tested  with  FALSTAFF.  Specifically,  changing  from  fatigue  In  air  to  pre-exposure  +  fatigue  in 
salt  spray  promoted  failure  initiation  in  the  bores  (E/Q)  and  countersink  areas  (A/M,  B/N)  of  the  fastener 

holes,  especially  for  S  ■  233  MPa. 

max 

6.4  Discussion 

This  test  programme  has  shown  chat  the  retrogression  and  reagelng  (RRA)  treatment  for  7075  aluminium 
alloy  sheet  has  two  Important  advantages  compared  to  the  conventional  T76  overageing  treatment.  The  static 
yield  and  ultimate  strengths  of  7075-T6RRA  are  significantly  higher,  by  about  15  X  and  8  Z  respectively, 
and  are  equivalent  to  7075-T6  values.  This  confirms  the  work  of  Clna  (reference  1).  Secondly,  when 
assembled  into  specimens  representing  realistic  structural  joints  the  fatigue  and  corrosion  fatigue 
resistances  of  7075-T6REIA  are  generally  better  than  chose  of  7075-T76. 

6.5  Conclusions 

(1)  Retrogression  and  reageing  (RRA)  enabled  7075  aluminium  alloy  sheet  to  retain  T6  strength  levels 
combined  with  generally  better  fatigue  and  corrosion  fatigue  properties  than  7075-T76. 

(2)  The  effects  of  stress  level  and  environment  on  fatigue  lives  were  significant.  Changing  from 
fatigue  in  air  to  pre-exposure  +  fatigue  in  salt  spray  tended  to  reduce  the  differences  between 
7075-T6RRA  and  7075-T76, 

(3)  From  the  tests  with  FALSTAFF  it  was  found  that  chaneing  uei\.ig,ue  i.i  aii  ptv  .Aposui.,  • 

fati^np  In  salt  spray  promoted  failure  initiation  In  the  bores  and  countersink  areas  of  fastener 
holes  and  reduced  the  number  of  failures  commencing  at  faying  surfaces. 
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TABLE  6.1:  OVERVIEW  OF  THE  NDRE  TEST  PROGRAMME  FOR  FACT 


MATERIAL 

SPECIMEN 

PROTECTION  SYSTEM 

PROTECTION  SYSTEM 
DAMAGE 

FATIGUE  LOADING 

FATIGUE  ENVIRONMENTS 

STATIC  PRE- EXPOSURE 


TEST  PROGRAMME 


•  3.2  mm  thick  7075>T76  aluminium  alloy  sheet  converted  to  the  T76  and 

RRA  conditions 


•  chromate  conversion  +  inhibited  epoxy  polyamide  primer 
(except  fastener  holes)  +  aliphatic  polyurethane  topcoat 

e  two  stress  cycles  at  low  temperature  to  crack 
paint  and  primer  around  the  fastener  heads 


e  constant  amplitude,  S  ,  /S  ■0.1;  FALSTAFF 
^  min  max 

e  laboratory  air;  5  %  aqueous  NaCl  salt  spray  with  pH  4 

e  72  hours  in  5  %  aqueous  NaCl  +  SO^  at  313  K 


SCHEDULES 

FATIGUE  LOAD 
HISTORY 

CHARACTERISTIC 
STRESS  LEVEL 

HAlEr.iAL  1  i oNS 

7075-T76 

70/3-T6RKA 

fatigue 

In  air 

constant  amplitude 

S  -  144  MPa 

max 

• 

• 

FALSTAFF 

S  -  289  MPa 

max 

• 

• 

S  -  238  MPa 

max 

• 

• 

pre-exposure 
+  fatigue  in 
i.alc  spray 

constant  amplitude 

S  -  144  MPa 

max 

• 

• 

FALSTAFF 

S  -  289  MPa 

max 

• 

• 

S  ■  238  MPa 

max 

• 

• 

STATISTICAL  ANALYSIS 


e  fatissue  lives  and  primary  fatigue  origins 


TABLE  6.2:  FATIGUE  LIFE  AND  PRIMARY  FATIGUE  ORIGIN  DATA  FOR  THE  NDRE  CONTRIBUTION  TO  FACT 


TABLE  6.4:  SUMMARY  OF  AN/\LYSIS  OF  VARIANCE  RESULTS  (95  7.  CONFIDENCE) 


7075-T6RRA/7075-T76  (conversion)  3.27 
7075-T6R^A/7075-T76  (CFCTP)  2.87 
7075-T76  (conversion)/7075-T76  (CFCTP)  1.57 


NDRE  FACT  DATA 


PRIMARY  FATIGUE  ORIGINS 


•  ORiGtNS  AND  STRESS  LEVELS 

•  ORIGINS  AND  ENVIRONMENTS 
«  ORIGINS  AND  MATERIALS 


FATIGUE  LIVES  | 

— 

1 

i _ , 

ASSUME  AT  LEAST  APPROXIMATE 
LOG-NORMAL  DISTRIBUTIONS 


CFCTPCORE  PROGRAMME 
FATIGUE  LIFE  DATA  EXCLU¬ 
DING  SPECIMENS  REDRILLED 
TO  PRESS  FIT  DIMENSIONS 


ASSUME  EQUIVALENCE  OF  CFCTP 
AND  NORE  MECHANICAL  TESTING 
AMD  AT  LEAST  APPROXIMATE 
HOMOGENEITY  OF  VARIANCES 


CONSTANT  AMPLITUDE  DATA 


TEST  FOR  HOMOGENEITY  OF  VARIANCES 

•  BOX  TEST  TO  CHECK  FOR 
DIFFERENCES  BETWEEN 
MATERIAL  CONDITIONS  PER 
FATIGUE  TEST  CONDITION 


ASSUME  AT  LEAST  APPROXIMATE 
HOMOGENEITY  OF  VARIANCES 


^-^OMOCENEOU?^ 
OR  APPROXIMATELY 
HOMOGENEOUS 
^^^ARIANCES^^ 


3-WAY  ANALYSIS  OF  VARIANCE 


2-WAY  ANALYSIS  OF  VARIANCE 


•  MAIN  EFFECTS 

•  2-WAY  INTERACTIONS 

•  3-WAY  INTERACTIONS 

-  stress 

-  stress;  environment 

-  stress:  environment; 

-  environment 

-stress:  material 

material 

-  materia} 

-environment:  material 

•  MAIN  EFFECTS 

•  2-WAY  interactions 

-  environment 

-  environment:  material 

-  material 

LEAST  SIGNIFICANT  DIFFERENCE  TEST  DUNCAN'S  NEW  MULTIPLE  RANGE  TEST 


Survey  of  etatie 


7.  THE  NLR  AND  LRTH  CONTRIBUTION  TO  THE  EACT  PROGRAMME 


R.J.H.  W<inhill.  National  Aeros.^ace  Laborat'  y  ■ILR,  Structures  and  Materials  Division,  Emmeloord, 

The  Netherlands 

7 .  1  Introduction 

The  Structures  and  Materials  Division  of  the  NLR  and  the  Department  o£  Aerospace  Engineering  LRTH  of 
Delft  University  of  Technology  were  joint  participants  In  the  FACT  supplemental  programme.  Most  of  the 
work  was  carried  out  with  the  support  of  the  Scientific  Research  Division  of  the  Directorate  uf  Materiel, 
Royal  Netherlands  Air  Force,  and  the  Netherlands  Agency  for  Aerospace  Programs  NIVR. 

The  primary  objective  of  rhe  NLR  »^RTH  contribution  to  FACT  was  to  compare  the  rtsistance  to 

corrosion  lacigue  of  aircraft  corrosion  protection  systems  and  aluminium  alloy  materials  In  use  in  the 
Netherlands.  In  addition  the  effectiveness*  of  AMLGUARD,  a  water  displacing  corros'on  preventive  comp(?und 
(reference  1).  was  examined. 

To  try  and  place  the  results  in  a  broader  content  it  woj  arranged  that  two  of  the  aluminium  alloyF, 

7075-T6  and  7475-T76I  clad,  came  from  the  same  batches  of  material  tested  hy  '.he  NDRE,  lAEG  and  RAE,  s  e 

table  I .  I  of  the  introduction  to  this  part  of  the  report. 

7.2  The  Test  Programme 

An  overview  of  the  test  prog  ammt.  as  it  f,.nally  evolv,.  ‘  is  given  In  table  7.1.  The  partial  filllng-in 
of  the  test  matrix  cos  the  consequence  of  limited  numbe-  of  specimens  and  updating  of  ;  'iorities  with 
respect  to  choice  of  fatigue  testing  schedules. 

Materials  and  specimen  configuration 

The  alum'^ium  alloys  used  for  monolithic  specimens  were  3.2  rom  thick  sheets  of  2024-T3  Alciad, 
707S-T6  and  7475-T761  clad.  The  202A-T3/aramid  fibre  laminates  were  3.2  mm  thick  and  built  up  from  0.6  mr 

thick  202'*-T3  sheets  Interleaved  and  adhesively  bonded  with  single  aramld  1^3  fabric  layers  and  then 

plastically  stialned  0.  Z.  Additional  details  of  the  fabrication  of  these  laminates,  i.ereinaftrr  referred 
to  as  ARALL  (Aramld  Reinforced  ^umlnlum  Laminate)  are  given  In  reference  (2). 

Engineering  property  data,  based  on  total  cros-  sectional  area,  were  as  follows; 


MATERIALS 

0.2  Z  YIELD  STRESS  (MPa) 

UTS  (MPa) 

ELONGATION  (T) 

2024-T3  AlcUw 

330 

474 

16.3 

7075-T6 

347 

382 

U  .2 

747^-T761  -lad 

498 

12.6 

ARALL 

470 

600 

1  .8 

Note  Che  low  elongacl''-  to  failure  for  ARALL.  In  a  fat  igue-senstt  ive  niateriol  this  would  be 
disastrous,  but  ARALL  is  highly  resistant  to  fatigue  (reference  2)  as  will  also  become  clear  in  this 
contr  biitlon  Co  the  FACT  programme. 

Ml  specimens  were  of  the  dogbone  configuration  discussed  in  detail  in  reference  (3'  and 
recommended  for  the  FACT  prog-amme.  Cadmium  pU-'ted  steel  Hi-1. ok  fasteners  were  used.  The  diameter  i  ''  the 
holes  for  the  fasteners  was  o.lf'b  t  0.04^*  mm.  which  cci  responds  to  a  slight  press  ^it,  see  figure  l.l  of 
the  introduction  to  this  part  c:  the  report. 

7.2.2  Protection  systems  and  specimen  as-st  .blv 

Corrosion  protection  systems  were  applied  by  Fokkor  Aircraft  Factories  according  to  standard  process 
sp  cifications  for  the  F-28.  NF-5  and  F-1^  alrcr.jft.  Simplified  processing  schedules  are  shown  in  figure 

7.1,  which  also  includes  Hl-Lok  installat  i,.>n  and  assembly  of  the  specimens.  These  processing  schedules 
resulted  in  the  Hl-Lok  fastener  holes  being  devoid  of  pr  fective  coatings,  i.e.  bare  alumjriiim  dlloy 
directly  contacted  the  cadmium  plated  fastener  shanks  and  heads.  This  is  a  "worst  'ase"  situation  which, 
however,  is  entirely  feasible. 

7.2.3  Mechanical  testing  conditions  (static  prestressing  and  fatigue) 

All  stresses  were  defined  In  terms  of  loads  on  th?  total  cross-section  (but  excluding  cladding  lavers 
if  presniu)  ot  the  fatigue  specimen  dogbane  at  the  location  of  the  centreline  between  the  ‘^asteners,  r.e. 
the  fastener  holes  w«re  included  in  the  cross-sectional  area. 

Before  environmental  exposure  and  fatifeue  tpstlng  all  specimens  were  prescressed  at  2l)4  t  10  K  bv 
applying  two  load  cycles  uj  to  either  th*  maximum  stress  occurring  in  the  subsequent  fatigue  te.-iC  or 
213  MPa,  whichever  was  the  greater.  The  proce«;.'re  for  this  is  discussed  in  reference  (3).  The  purpose  of 
this  low  temperature  prestressing  was  to  ensure  th.at  the  paint  and  primer  layers  were  brittle  and  wou'd 
crack  around  the  Hf-I.ok  fastener  holes,  thereby  simulating  service  d.image  that  enables  corro.sion  arH 
corrosion  fatigue  to  occur. 

The  characteristic  fatigue  stress  levels  lor  the  test  progr.iinme  have  been  Indicated  already  in  table 

7.1.  These  stress  levels  were  obtained  from  the  pilot  tests  described  in  sectior.  1,4  of  this  part  o,‘  .he 
report.  Detailed  procedures  for  fatigue  testing  .;re  given  In  reference  (3).  All  tests  were  done  uslnr  a 
900  kN  load  frame  fitted  to  a  WOLPERT-AMSLER/MTL  electrohydraollc  machine.  The  cK  ed  loop  system  was 
controlled  by  an  M.R-deve loped  device,  MliMS  II  (Magnetic  tape  Input  Dlgital-to-Analogue  Signal). 


rnformaciun  on  flight  simulation  load  sequences  was  stored  on  magnetic  Ca;.es  and  -ead  by  a  ktNNEDi 
re^ .  rder . 

The  fatigue  load  histories  were  constant  am^'licude  sinusiid^l  loading  witi  a  stre?>s  ratio  R  = 

S  .  /S  of  0.1,  the  manoeuvre  spectrum  FALSTAFF  (references  4,  5)  and  tlie  gi.  .C  spectruin  MISI  IWIST 

rain  max 

(references  6,  7).  The  peak  loads  of  both  spectra  were  urtruncated.  Short  descriprlons  of  these  spectra 
are  given  in  section  1.3  of  this  part  of  the  report. 

7.2.4  fcnviror.mental  condlri  ns  (pre-exposure,  fatigue  and  corrosion  fatigue) 

Specimens  scheduled  for  static  exposure  to  an  aggressive  env i roiimen .  before  fatigu.  testing  -  re 
sealed  jt  th**  faying  surface  «ide  edges  and  Hi-Lok  collars  to  prevent  c^-rrosion  ex-'ept  possibly  in  the 
fastener  head  areas.  Some  of  he  specimens  were  then  completely  spray  coated  with  fiMl.uL'ARD  24  hours  before 
exposure,  see  the  test  matrix  in  table  7.1.  The  procedure  for  static  pre-exposure  is  described  in  detail 
in  reference  (3).  The  specimens  were  imciersed  f.>r  72  hours  in  5  5!  aqueous  NaCl  -cidified  by  a  predeter¬ 
mined  amount  of  '  ,  gas  and  maintained  at  315  ±  2  K.  The  specimen  cleaning  procedure  afcer  pre-exposure 
followed  the  amendment  in  section  4.4  of  Part  2  of  reference  (3). 

For  fotigue  testing  all  specimens  were  electrically  insulated  from  the  loading  grips  and  boles  by 
polymeric  line's  and  bushings.  Specimens  o  be  fatigued  in  salt  spray  were  also  sealed  at  rhe  faying 
surface  side  edges  and  Hi-Lok  collars-  The  atigue  environments  were  laooratory  air  and  5  ^  o>,ueuus  NaCl 
salt  spray  acidified  with  H^SO^  to  pH  4,  bot  '  at  a  nominal  temperature  o.'  295  K.  The  salt  spray  tests  were 

done  in  a  specially  constructed  cabinet,  full.-  described  In  reference  (J). 

The  nominal  cycle  frequencies  for  »'ach  combination  of  fatlg  ‘>  load  history  and  environment  were  as 
follows: 


NOMINAL  CYPTc;  pkeQI'ENC'' 

fatigue  in  air 

fatigue  in  salt  spray 

constant  amplitude,  R  »  O.l 

2  Hz 

0.5  Hz 

MINITWIST 

15  Hz 

5  Hz 

FALSTAFF 

15  Hz 

2  Hz 

7.J  Results 

The  complete  set  of  fatigue  life  and  primary  fatigue  origin  data  for  the  MR  and  LRTH  contribution 
Co  FACT  is  given  in  table  7.2.  The  way  in  which  the  test  progr.irome  was  set  up  and  the  results  hud 
con.sequen.es  for  Che  statistical  methods  used  to  analyse  the  data.  This  will  be  djr'.ussed  in  section 
7.3.1, 

The  fatigue  life  re£.iilts  are  presented  and  statistically  analysed  in  sections  7.3.2  -  7.3.4.  This  is 
followed  by  presentation  and  statistical  .malysla  of  the  primary  fatigue  origin  data  in  section  7.3.5. 
Correlacions  between  fatigue  lives  and  primary  fatigue  origins  are  discussed  in  section  7.3.6. 

7.3.1  Sc.iclstlcdi  methods  for  analysing  the  data 

A  survey  of  the  statistical  methods  for  analysing  the  NLR  and  LRTH  data  is  give!  lt>  figure  7.2.  Owing 
CO  Che  ilmiced  number  of  daca  it  had  to  assumed  that  they  at  least  approximated  to  random  Sump’os  from 
log-normally  u  ..crlbuced  populations.  Aiao,  unequal  sample  sizes  for  the  MINITWIST  daca  and  comparison  of 
the  constant  amplitude  data  with  CFCTP  core  programme  data  meant  that  e^ual  variances  had  to  be  assumed 
lor  analysis  of  variance,  and  that  for  some  "fine  tuning"  of  analysis  oi  variance  results  modified 
versions  of  the  least  significant  difference  test  and  Duncan's  new  multiple  range  test  had  to  be  used. 
More  details  of  the  statistical  methods  are  given  in  Appendix  II. 

7.3.2  Constant  amplitude  fatigue  life  data 

The  constant  amplitude  fatigue  life  data  are  shown  in  figure  7.3.  The  data  indicate  the  following 
trends : 

(1)  7075-T6  specimens  had  significantly  shorter  fatigue  lives  than  other  specimens. 

(2)  The  fatigue  lives  of  2024-T3  specimens  and  7475-T761  specimens  without  Interfay  sealant  were 
equivalent  to  those  of  CFCTP  specimens,  as  Indicated  by  the  shaded  bar  in  figure  7.3. 

(3)  An  interfay  sealant  was  beneficial  to  the  latigue  lives  of  7475-T761  specimens. 

(4)  Coating  with  AMLGUARD  to  prevent  corrosion  during  pre-exposure  nr  fatigue  in  salt  spray  had 
little  or  no  beneficial  effect  on  the  fatlg-ie  lives  of  2024-T3  and  ■’075-T6  specimens. 

(5)  Changing  the  fatigue  environment  from  air  to  salt  spray  was  more  detrimental  to  fatigue  life 
than  pre-exposure. 

As  will  be  dl  cussed,  statistical  analysis  confirmed  t:ends  (1),  (3),  (4)  and  (5)  and  sh  -wed  trend  (2)  to 
be  partly  true. 

Analysis  of  variance  was  carried  out  separately  for  the  NLR  constant  amplitude  data  and  a  combination 
of  NLR  and  CFCTP  core  programme  data.  The  “eaults  are  summarised  in  table  7.3.  The  main  effects  of 
envlronmeut  and  •naterlal  were  found  ‘o  be  significant  In  both  cases.  The  environment  ;  material 
Interactions  were  found  to  be  significant  only  when  the  NLR  data  were  analysed  separately. 


The  analysis*  uf  variance  results  were  “fine  tuned"  using  the  least  significant  difference  test  cir 
Duncan's  new  multiple  range  test,  as  appropriate.  The  results  of  these  tests  are  listed  in  tables 
7.^  -  7.7,  and  sliow  the  following: 

•  7U75-T6  specimens  had  significantly  shorter  fatigue  lives  than  other  specimens,  in  agreement  with 

( 1 )  above 

■  for  fatigue  in  air,  with  or  without  pre-exposure,  the  fatigue  lives  of  ?02‘',-T3  specimens  and 
747^-T7^l  specimens  without  interfay  sealant  were  equivalent  to  those  of  CFCTP  specimens 

•  for  pre-exposure  +  fatigue  in  salt  spray  the  fatigue  lives  of  202A-T3  and  CFCTP  speclmen.s  were 
equivalent  and  significantly  shot  ter  than  those  of  7475-1761  specimens  without  interfay  sealant 

•  7475-T761  specimens  with  interfay  sealant  had  significantly  longer  fatigue  lives  than  other 
specimens:  this  confirms  the  beneficial  effect  of  sealant 

•  coating  witti  AMLCLARU  before  pre-exposure  had  no  significant  effect  on  the  lives  of  2024-13  and 
7075-Tb  specimens  fatigued  in  air  and  salt  spray 

•  an  indication  that  pre-exposure  significantly  affected  fatigue  life  was  found  only  for  70"‘j-T6 
specimens  (table  7.5) 

•  changing  the  tatigue  environment  from  air  to  salt  sprav  significantly  shortened  the  lives  of 
2U24-T3,  7075-T6  and  CFCTP  specimens 

•  7475-T761  specimens  with  and  without  interfay  sealant  were  insensitive  to  pre-exposure  and  changing 
the  fatigue  environment  from  air  to  salt  spray. 

7.3.3  (lust  spectrum  (MINITWIST)  fatigue  life  data 

The  MIMTU'IST  fatigue  life  data  are  shown  in  figure  7.4.  The  data  indicate  the  following: 

(M  ARALl.  specimens  were  greatly  superior  to  m»’nollthic  2024-T3  specimens  (fatigue  lives  more  than 
lUX  longer  at  the  same  stress  level). 

(2)  Stress  level  had  a  significant  effect  for  2024-T3  specimens. 

Coating  witli  fXMLGCAKU  Co  prevent  corrosion  during  pre-exposure  or  fatigue  in  salt  spray  had 
little  or  no  beneficial  effect  on  the  fatigue  lives  of  2024-T3  specimens. 

(4)  Fatigue  in  sale  spray  was  more  detrimental  to  fatigue  life  than  pre-exposure. 

Owing  ti.'  the  evident  superiority  of  ARAl.L  it  was  considered  unnecessary  to  check  (1)  scatlstlcaliy. 
However,  statistical  analysis  was  used  to  check  and  confirm  (2)  -  (4). 

The  results  uf  two-way  analysis  of  variance  are  summarised  in  table  7.3.  The  effects  of  stress  and 
environment  and  their  interactions  were  found  to  be  significant.  Because  there  were  only  two  stress  levels 
It  is  obvious  that  Chts  significant  difference  is  between  them.  Thus  it  was  not  necessary  to  "fine  tune" 
this  result  using  the  least  significant  difference  test. 

The  stress  :  envirunmenc  interactions  were  further  investigated  using  the  least  significant 
difference  test.  The  results  are  given  in  table  7.8,  and  show  chat 

•  the  effect  of  stress  level  was  significant  for  all  environments  (fatigue  testing  schedules) 

•  coating  with  AMI.GUARD  before  pre-exposure  had  no  significant  beneficial  effect  on  the  lives  of 
2U24-T3  specimens  fatigued  in  air  and  salt  spray 

•  environmental  effects  were  more  significant  at  the  lower  stress  level  *  89  MPa)  and  were 

mainly  due  to  changing  the  fatigue  environment  from  air  to  salt  spray. 

7.3.4  Manoeuvre  spectrum  (FALSTAFF)  fatigue  life  data 

The  FALSTAFF  fatigue  life  data  are  shown  in  figure  7.5,  The  following  trends  can  be  observed: 

(1)  Stress  level  had  a  significant  effect. 

(2)  At  the  higher  stress  level  (S  *  289  MPa)  the  7075-T6  specimens  had  slgnif Icantlv  shorter 

max  *  ® 

tatigue  lives  than  7475-T761  specimens  with  Interfay  sealant.  However,  the  ranges  in  fatigue 
lives  of  7075-T6  specimens  and  7475-T761  specimens  without  Interfay  sealant  tended  to  overlap. 

(3)  At  the  lower  stress  level  MPa)  the  7075-T6  specimens  had  significantly  shorter 

fatigue  lives  than  both  types  of  7475-T761  specimens. 

(4)  An  Interfay  sealant  w -s  benefici.il  to  the  fatigue  lives  of  7475-T761  specimens  only  at  the  higher 
stress  level . 

(5)  Coating  with  AMLGUAKD  to  prevent  corrosion  during  pre-exposure  or  fatigue  In  salt  spray  had 
little  or  no  beneficial  effect  on  the  fatigue  lives  of  7075-T6  specimens. 


(fa)  7075-T6  specimens  were  more  sensitive  to  envirouuiental  effects  than  7475-1761  specimens.  At  the 

lower  stress  level  (S  ■  238  MPa)  7475-T761  specimens  were  completely  insensitive  to 

max 

environmental  effects,  as  shown  by  the  shaded  bar  in  figure  7.5. 

(7)  When  environmental  effects  were  present,  notably  for  7075-T6  specimens,  the  change  from  fatigue 
in  air  to  fatigue  in  salt  spray  was  more  detrimental  to  fatigue  life  than  pre-exposure. 

As  will  be  discussed,  statistical  analysis  confirmed  all  these  trends,  with  minor  refinements. 

The  Box  test  was  used  to  check  for  homogeneity  of  variances  of  the  FALSTAKF  fatigue  life  data.  The 
variances  were  found  to  he  equal,  see  tables  7.9  and  7.10.  The  results  of  three-way  analysis  of  variance 
are  summarised  in  table  7.3.  The  effects  of  stress,  environment  -•  >d  material  and  most  of  their  inter¬ 
actions  were  found  to  be  significant.  Because  there  were  only  two  stress  levels  tt  is  obvious  that  the 
significant  difference  is  between  them.  Thus  It  was  not  necessary  to  "fine  tune"  this  result  using  the 
least  significant  difference  test. 

The  remaining  analysis  of  variance  results  were  "fine  tuned"  using  the  least  significant  difference 
test  or  Duncan’s  new  multiple  range  test,  as  appropriate.  The  results  of  these  tests  are  given  in  tables 
7.11  -  7.13,  and  show  the  following: 

•  the  effect  of  stress  level  was  significant  for  all  environments  (fatigue  testing  s'^hedules'i 

•  at  the  higher  stress  level  MPa)  the  7075-T6  specimens  had  significantly  shorter  fatigue 

lives  than  7475-T761  specimens  with  interfay  sealant;  but  the  fatigue  lives  <'f'  7075-T^  specimens 
and  747d-T761  specimens  without  interfav  sealant  were  equivalent  for  two  of  the  three  fatigue 
testing  schedules  (fatigue  in  air,  pre-exposure  +  fatigue  in  salt  spray) 

•  at  the  lower  stress  level  (S  *  236  MPa)  the  7075-T6  specimens  had  significantly  sjK'rt«r  fjti-nn 

max 

lives  Chan  both  types  of  7475-T7bl  specimens,  whose  lives  were  equivalent 

•  an  interfay  sealant  was  significantly  beneficial  to  the  fatigue  lives  of  7473-T7AI  specimens  only 
at  the  higher  stress  level 

•  coating  with  A.Ml.Gl'ARU  before  pre-exposure  had  no  significant  effect  on  the  lives  of  7fj7'-T6 
specimens  fatigued  in  air  and  salt  spray 

•  at  Che  higher  sfres.s  level  7075-T6  specimens  and  7475-T7bl  specimens  without  interfav  sealant 
showed  equivalent  sensitivity  to  environmental  etfects;  7A75-T7hl  specimens  with  interf.iy  sealant 
were  insensitive  to  chmging  tlie  fatigue  testing  schedule 

•  at  Che  lower  .stress  level  7075-T6  specimens  were  slgnit  icantly  sensitive  to  environmental  effects 
but  7473-T761  specimens  were  completely  insensitive 

•  significant  environmental  effects  were  due  to  changing  the  fatigue  environment  from  air  t<'  salt 
spray:  pre-exposure  had  no  significant  effect  by  itself. 

7.3,3  Primary  fatigue  origin  data 

The  test  of  independence  and  Yates’  corrected  x^  were  used  to  analyse  the  primary  fatigue 

origin  data  listed  in  table  7.2.  Owing  to  the  limited  number  of  data  it  was  not  possible  to  analyse 
separately  for  each  combination  of  types  of  primary  fatigue  origin,  .stress  level,  environment  and 
material.  Instead  various  ’’iuroped"  combinations  were  examined.  The  results  of  the  tests  are  summarised  in 
table  7.1A  and  qualitatively  compared  in  figures  7.6  -  7.0.  Stress  level,  environment  and  material  usually 
had  significant  effects  on  the  locations  of  primary  fatigue  origins.  In  more  detail: 

(1)  Under  constant  amplitude  fatigue  a  change  from  fatigue  in  air  to  pre-exposure  +  fatigue  in  salt 
spray  promoted  failure  initiation  .K  the  bore/faying  surface  corners  (F/R)  of  the  fastener  holes 
and  reduced  the  number  of  faying  surface  (G/S)  failures.  The  effect  of  changing  the  material  and 
protection  system  was  also  significant:  7475-T761  specimens  with  or  without  Interfay  sealant  had 
no  failure  initiations  at  bore/faying  surface  corners  (F/R)  and  had  many  more  faying  surface 
(G/S)  failures  as  compared  to  2024-T3  and  7073-T6  specimens. 

(2)  For  MINITWIST  fatigue  of  monolithic  202A-T3  specimens  the  effect  ‘’f  a  higher  stress  level  w.is  to 
promote  failure  Initiation  in  the  bores  (E/Q)  of  the  fastener  holes  and  reduce  the  number  of 
bore/faying  surface  corner  (F/R)  and  faying  surface  (G/S)  failures.  However,  changit7g  the  fatigue 
environment  from  air  to  salt  spray  did  not  have  a  significant  effect  on  the  locations  of  primary 
fatigue  origins. 

(3)  For  FALSTAFF  fatigue  the  effect  of  a  higher  stress  level  and  changing  the  fatigue  environment 
from  air  to  salt  spray  was  to  promote  failure  initiation  at  the  bore/faying  surface  corners  (F/R) 
of  the  fastener  holes  and  reduce  the  number  of  faying  surface  (G/S)  failures.  The  effect  of 
changing  the  material  and  protection  system  was  also  significant:  7A73-T761  specimens  had  more 
faying  surface  (G/S)  failures  than  7075-T6  specimens, 

7.3.6  Fatigue  lives  and  primary  fatigue  origins 

Some  unusual  locations  for  primary  fatigue  origins  were  ob.served  for  7475-T761  specimens  with 
interfay  sealant,  see  table  7.2.  This  was  especially  true  for  constant  amplitude  fatigue.  The  specimens 
had  very  long  fatigue  lives  both  in  air  and  salt  spray.  For  fatigue  in  air  all  the  specimens  failed  at 
faying  surface  locations  remote  from  the  fastener  holes.  For  fatigue  In  salt  spray  three  out  of  four 
specimens  failed  near  the  top  of  the  countersink  area  (B/N)  as  a  consequence  of  paint  cracking  and 
corrosion  attack  of  the  underlying  metal  during  the  fatigue  tests. 
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Iii  view  of  these  results  it  seems  reasonable  to  conclude  that  for  constant  amplitude  loading  the  use 
of  interfay  sealant  prevented  fatigue  crack  Initiation  at  the  more  usual  locations,  i.e.  bore/faying 
surface  corners  (K/R)  and  faying  surfaces  (G/S)  close  to  the  fastener  holes.  This  resulted  in  prolongation 
of  the  fatigue  lives  until  failures  became  possible  at  the  other  Initiation  sites. 

It  is  unfortunate  that  under  FALSTAFF  loading,  which  Is  more  realistic  than  constant  amplitude 
loading,  similar  changes  in  primary  fatigue  origin  locations  (presumably  owing  to  the  use  of  interfay 
sealant)  did  not  result  in  significantly  longer  fatigue  lives. 

These  contrasting  results  Illustrate  the  complexity  of  environmental  fatigue  In  aircraft  structural 
joints  and  the  necessity  for  realistic  testing. 

7. A  Discussion 

As  mentioned  in  the  introduction  (section  7.1)  the  primary  objective  of  the  NLR  and  LRTH  contribution 
to  FACT  was  to  compare  the  resistance  to  corrosion  fatigue  of  aircraft  corrosion  protection  systems  and 
aluminium  alloy  materials  in  use  in  the  Netherlands.  The  results  of  this  test  programme  have  shown  that 
there  were  signiricant  differences  In  environmental  fatigue  pertormance  of  I)  dogbone  specimens  made  from 
different  iijaterials  and  with  different  protection  systems.  An  overview  of  the  results  Is  given  in  figure 
7.9.  This  will  be  helpful  in  the  following  discussion. 

7.A.1  Fatigue  lives  at  higher  stress  levels 

For  MINITWIST  loading  the  fatigue  performance  of  aRALL  (2024-T3/aramld  fibre  laminates)  was  much 
superior  to  that  of  monolithic  2024-T3  Alclad.  This  is  most  encouraging  for  the  use  of  ARALL  in  advanced 
aircraft  structures.  Subsequent  testing  of  a  full-scale  wing  panel  has  confirmed  this  (reference  8). 

For  FALSTAFF  loading  the  fatigue  resistance  of  7475-T761  clad  specimens  with  interfay  was  superior  to 
that  of  7075-T6  specimens  and  7475-T76i  clad  specimens  without  interfay.  Thus  Che  interlay  sealant  was 
beneficial  to  fatigue  lives. 

Use  of  the  water  displacing  corrosion  preventive  compound  AMLGUARD,  which  was  applied  before  pre¬ 
exposure  and  fatigue  testing,  proved  to  be  ineffective  in  prolonging  fatigue  life.  However,  this  does  not 
invalidate  the  use  of  AMLGUARD  or  similar  compounds  for  Inhibiting  corrosion. 

Pre-exposure  was  not  detrimental  Co  fatigue  life.  Changing  the  fatigue  environment  from  air  to  salt 
spray  was  detrimental  for  2024-T3  Alclad,  ARALL,  7075-T6  and  7475-T761  clad  specimens  without  interfay, 
but  not  for  7475-T761  clad  specimens  with  inCerfay.  Thus  the  7475-T761  clad  specimens  in  combination  with 
Che  F-16  paint  system  and  InCerfay  sealant  were  more  resistant  to  environmental  effects.  This  is  an 
important  result,  since  it  means  chat  corrosion-related  fatigue  problems  for  F-16  aircraft  based  in  the 
Netherlands  should  be  less  severe  chan  chose  for  the  previous  generation  of  aircraft. 

7.4.2  Fatigue  lives  at  lower  stress  levels 

AC  lover  stress  levels  Che  fatigue  resistances  of  7075-T76,  2024-T3  Alclad  and  7473-T761  clad 
specimens  were  equivalent.  7073-T6  was  consistently  Inferior,  thus  differences  in  susceptibility  to 
corrosion  (pre-exposure)  and  corrosion  fatigue  were  not  primarily  responsible.  Possible  reasons  for  the 
Inferiority  of  7075-T6  are  a  lower  resistance  to  fatigue  crack  inlclation,  with  or  without  fretting,  and 
greater  susceptibility  of  the  relatively  thick  sulphuric  acid  anodisation  layer  to  cracking  as  compared  to 
the  chromic  acid  anodisation  layers  on  other  specimens  (see  figure  7.1).  However,  it  has  been  shown  that 
anodisation  layers  are  beneficial  to  the  fatigue  resistance  of  aircraft  structural  joints  because  they 
provide  wear  resistant  coatings  that  delay  the  onset  of  fretting  (reference  9). 

With  regard  to  corrosion  protection  systems,  an  interfay  sealant  was  beneficial  for  7473-T761  clad 
specimens  tested  under  constant  amplitude  loading,  but  not  under  FALSTAFF  loading.  The  reason  for  this  Is 
ur.'’!®'”',  especially  because  th®  Interfay  sealant  was  beneficial  at  the  higher  FALSTAFF  stress  level,  see 
the  previous  section  and  figure  7.9.  As  at  higher  stress  levels,  AMLGUARD  was  not  effective  In  prolonging 
fatigue  life. 

Except  for  7073-T6  specimens,  pre-exposure  was  not  detrimental  to  fatigue  life.  Changing  the  fatigue 
environment  from  air  to  salt  spray  was  detrimental  for  7073-T76,  2024-T3  Alclad  and  7075-T6  specimens,  but 
not  for  7473-T761  clad  specimens  with  or  without  interfay.  This  confirms  that  7473-T761  clad  specimens  In 
combination  with  the  F-16  corrosion  protection  system  were  more  resistant  to  environmental  fatigue 
effects. 

7.4.3  Primary  fatigue  origins 

An  overview  of  the  main  influences  on  locations  of  primary  fatigue  origins  in  the  1)  dogbone 
specimens  Is  given  in  figure  7.10.  These  influences  may  be  summarised  as  follows: 

(1)  Higher  stress  levels,  pre-exposure  and/or  changing  the  fatigue  environment  from  air  to  salt  spray 
promoted  fatigue  crack  initiation  in  the  bores  and  at  bore/faying  surface  corners  of  the  fastener 
holes.  This  means  that  the  number  of  failures  at  the  faying  surfaces  decreased. 

(2)  Lower  stress  levels  and  the  absence  of  corrosion  or  corrosion  fatigue  favoured  fatigue  crack 
initiation  at  the  faying  surfaces  close  to  the  fastener  holes.  This  means  that  there  were  fewer 
failures  in  the  bores  and  at  bore/faying  surface  corners  of  the  fastener  holes. 

7.3  Conclusions 

(I)  Significant  differences  in  environmental  fatigue  performance  were  found  for  li  dogbone  specimens 
made  from  different  materials  and  with  different  corrosion  protection  systems. 
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(2)  Linder  gust  spectrum  (MINITWIST)  loading  the  fatigue  performance  of  ARALL  (2024-T3/araraid  ti{)re 
laminates)  was  much  superior  to  that  of  monolithic  2024-T3  Alclad. 

(.3)  Under  constant  amplitude  and  manoeuvre  spectrum  (FALSTAFF)  loading  the  tatigue  perfornance  ot 
7475-T761  clad  specimens  was  equivalent  to,  or  better  than  chat  of  707*  "Ih,  2024-73  Alclad  Jnd 
7075-T6  specimens. 

(4)  An  Interfay  sealant  was  beneficial  to  the  fatigue  lives  of  7475-T761  clad  specimens  tested  under 
constant  amplitude  loading  at  a  lower  stress  level  and  FALSTAFF  at  a  higher  stress  level,  but 
not  for  FALSTAFF  at  a  lower  stress  level. 

(5)  The  water  displacing  corrosion  preventive  compound  AMLGUARD  was  not  beneficial  to  fatigue  lives. 

(6)  Environmental  effects  were  mainly  due  to  changing  the  fatigue  environment  from  air  to  salt 
spray:  pre-exposure  had  no  significant  effect  except  for  7075-T6  specimens  fatigued  In  air  ^nder 
constant  amplitude  loading. 

(7)  It  may  be  concluded  chat  AMLCUARD's  ineffectiveness  in  prolonging  fatigue  Ufa  can  he  associated 
with  the  lack  of  effect  of  pre-exposure  on  fatigue  lives.  It  should  be  noted  that  AMLGUARD  was 
developed  specifically  for  combatting  corrosion  under  static  conditions,  which  It  does  very 
effectively.  The  present  results  therefore  show  that  extension  of  corrosion  protection  to 
fatigue  conditions  will  probably  require  a  dynamic  inhibitor  system  capable  of  being  delivered 
to  growing  cracks. 

(8)  7475-T761  clad  specimens  in  combination  with  Che  F-16  corrosion  protection  system  were  more 
resistant  to  environmental  fatigue  effects  than  other  combinations  of  materials  and  corrosion 
protection  systems . 

(9)  Higher  stress  levels,  pre-exposure  and/or  changing  the  fatigue  environment  from  air  to  salt 
spray  promoted  fatigue  crack  Initiation  in  the  bores  and  at  bore/faying  surface  corners  of  the 
fastener  holes  and  reduced  the  number  of  failures  at  the  faying  surfaces. 

(10)  Lower  stress  levels  and  the  absence  of  corrosion  or  corrosion  fatigue  favoured  fatigue  crack 
initiation  at  the  faying  surfaces.  Thus  there  were  fewer  failures  in  the  bores  and  at  bore/ 
faying  surface  corners  of  Che  fastener  holes. 
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TABLE  7.2:  FATIGUE  LIFE  AND  PRIMARY  FATIGUE  ORIGIN  DATA  FOR  THE  NLR  AND  LRTH  CONTRIBUTION  TO  FACT 


LVBLE  7.11:  S  K'.S  I  K  U;.-\N  T  1)  1  FFtRENCt  TEST  (^5  7,  CONE  1  DENCH)  FOR  STKES.S  :  ENVIRONMENT  /\N1»  STRESS  :  SLVtEUlAl.  IN  TEICXC  1  1 1  tNS  DTKlNl-  lAl.SrAFi  FAllCTi 


lABI  i:  7.13:  Lt;AST  SICNIMCANT  [)  I KFKRFNCK  TKST  RKSI’LTS  (95  %  CONFIDENCE)  FOR  STRESS  :  ENVIRONMENT 


Fig.  7.2  Survey  of  statistical  methods  for  analysing  the  NLR  and  LRTH  data  for  FACT 
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TEST  SCHEDULES 
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KEY  TO  SYMBOLS  1 

MATERIALS  AND 
CORROSION 

PROTECTION  SYSTEMS 
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PROTECTION  SYSTEM 
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n  PROTECTION  SYSTEM 
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7475-n6l  CLAD,  WITH  F-16 
m  PROTECTION  SYSTEM 
““  INCLUDING  INTEBFAY 
SEALANT 
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SIMULATED  FLIGHTS  TO  FAILURE 
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Fig.  7.5  NLR  fatigue  life  data  for  testing  under  ajanoeuvre  spectrum  loading  (FALSTAFF).  The  shaded  bar 

indicates  TATS-TTOl  clad  specimens  tested  with  S  ~  238  MPa 

nax 
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j  I  2024-T3  ALCLAO  +  F  28  PROTECTION  SYSTEM 

j  1  7075-T8  WITH  NF^  PROTECTION  SYSTEM 

■■  747S-T761  CLAD,  WITH  F  18  PROTECTION  SYSTEM  ANO 
WITH  OR  WITHOUT  INTERFAY  SEALANT 


5  5 


Fig.  7.6  Effects  of  environnent  and  material  on  locations  of  .nary  fatigue  origins  for  the  NLR  constant 
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Fig.  7.7  Effects  of  stress  and  environment  on  locations  of  primary  origins  for  monolithic  2024-T3  Alclad 
specimens  tested  as  part  of  the  NLR  and  LRTH  MINITWIST  fatigue  contribution  to  FACT 
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Fig.  7.8  Effects  of  stress,  environment  and  material  on  locations  of  primary  fatigue  origins  for  the  NLR 
FALSTAFF  fatigue  contribution  to  FACT 
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8.  THE  lABG  CONTRIBUTION  TO  THE  FACT  PROGRAMME 

W.  Schiitz  and  W.  Oberparlelter,  Industrleanlagen  -  Betrlebsgesellschat't  lAbC,  Ottobrunn,  i.-ermany 

8.1  Introduction 

The  lABG  contribution  to  FACT  compared  the  fatigue  and  corrosion  fatigue  properties  of  7475-T761  clad 
and  7075--T6  aluminitnn  alloy  sheet  under  the  realistic  manoeuvre  load  history  FALSTAFF  (references  I,  J). 
To  try  and  place  thu  results  in  a  broader  context  It  was  arranged  that  the  ■’075-T6  material  came  from  a 
common  batch  purchased  by  the  NLR  and  supplied  also  to  the  NDRE  and  KAE,  and  the  747S-T761  clad  tiiaterJ.il 
was  shared  with  the  NLR,  see  table  1.1  of  the  introduction  to  this  part  ot  the  report. 

8.2  The  Test  Progrannne 

An  overview  of  the  test  programme  Is  given  in  table  8.1.  All  specimens  were  of  the  dogbone 

configuration  discussed  in  detail  in  reference  O)  and  recommended  for  the  FACT  progiamme.  Note  that  some 
tests  on  7075-T76  specimens  from  the  same  batch  as  the  CFCTP  core  programme  specimens  were  included.  In 
all  cases  cadmium  plated  steel  Hi-Lok  fasteners  were  u.sed.  The  diameter  of  the  lioles  tor  tiie  fasteners  was 
6.306  *  0.04^  mm,  which  corresponds  to  a  slight  press  fit,  see  figure  l.l  of  the  introduction  to  this  part 
of  the  report. 

8.2.1  Materials  and  properties 

The  materials  were  3.2  mm  thick  sheets  of  aluminium  alloys  ’075-176  (CFCTP  core  pr.igramme  material;, 
7475-T761  clad  and  7075-T6.  Engineering  prope’ty  data  were  as  follows: 


MATER  lAl.S 

0.2  Z  V.ELl'  STRESS  (MPa) 

I'TS 

iMPaJ 

el('N(;ation  (T) 

479  (max) 

350 

(max) 

7075-T76 

455  (min) 

541 

min) 

1 1  .n 

7475-1761  clad 

422 

498 

12.6 

7075-Tb 

54  7 

582 

11.2 

8.2.2  Protection  systems  and  specimen  assembly 

The  7075-T76  specimens  had  the  same  C.b.  Navy  paint  scheme  os  in  the  CFCTP  core  programme,  sec 
reference  (3)  and  Part  II  of  this  report.  The  7475-T761  and  7075-T6  specimens  were  manufactured,  painted 
and  assembled  by  Messerschmltt-BSlkow-Blohm  MBB  in  Augsburg,  according  to  the  following  procedure: 

•  specimen  parts  machined,  drilled  and  degreased 

•  chromate  conversion  coating  "Alodine  IdOO”  on  all  surfaces 

«  inhibited  epoxy  polyamide  primer  on  all  surfaces  except  f.istener  holes 

•  application  of  chr<'mate-conCa ining  se.ilant  "Cel  lose.il"  to  faving  surfaces  and  fastener  holes 

«  Hl-I,ok  installation  and  wet  assembly  of  fatigue  specimen  dogbones  and  half  plates 

•  application  of  polyureth.3ne  topcoat. 

The  protection  system  applied  by  MBB  was  repfesent.Ttlve  for  the  European  Haiti  Hole  Combat  Aircraft  MR' A. 

During  wet  assembly  the  sealant  was  forced  through  the  l.istener  holes,  but  post-test  examln.ition  showed 

that  the  holes  had  remained  coated  with  a  layer  of  sealant. 

8.2.3  Mechanical  testing  conditions  (static  prestressing  and  fatigue) 

All  stresses  were  defined  in  terms  of  the  total  cross-section  <but  excluding  the  cladding  layer:,  on 
7475-T761)  of  the  fatigue  specimen  dogbone  at  the  location  of  the  centrvlnie  between  the  fasteners,  i.e. 
the  fastener  holes  were  included  in  the  cross-sec t iona 1  area. 

Before  environmental  exposure  and  fatigue  testing  all  specimens  were  prest  les.sed  at  JOd  ♦.  U)  K  bv 

applying  two  load  cycles  up  to  238  MPa.  The  procedure  for  this  is  discussed  in  reference  ^J).  Tlie  purpose 

of  this  low  temperature  prestressJng  was  to  ensure  that  the  paint  and  primer  layers  were  brittle  and  would 
crack  around  the  Hi-Lok  fastener  holes,  thereby  simulating  service  damage  that  embles  corrosion  .ind 
corrosion  fatigue  to  occur. 

The  characteristic  fatigue  stress  levels  for  the  test  programme  have  been  indicated  already  in  table 

8.1.  These  stress  levels  were  obtained  from  the  pilot  tests  described  in  section  1.4  of  this  part  ol  the 

report.  The  fatigue  load  history  was  the  manoeuvre  spectrum  FALSTAFF  (references  1,  2).  A  short  descript¬ 
ion  of  this  spectrum  is  given  In  section  1.3  of  this  part  of  the  report. 

Detailed  procedures  for  fatigue  testing  are  given  In  reference  (3).  All  tests  were  done  using  a  64  kS 
load  frame  fitted  to  a  SCHENCK  electrohydraullc  macnlne.  The  closed  loop  system  was  controlled  by  a 
SCHENCK  GA-16/440  digital  control  computer.  The  generated  load  sequence  was  checked  for  each  specimen  tvpe 
(7075-T76,  7475-T761  and  7075-T6)  by  classifying  and  comparing  the  actual  and  specified  peak  stresses  for 
one  complete  block  of  200  flights.  Agreement  between  the  actual  and  specified  peak  stresses  was  good. 


«.2.4  Environmental  conditions  (pre~exposure,  fatigue  and  corrosi«’n  fatigue) 

Specimens  scheduled  tor  static  exposure  to  an  aggressive  environment  before  fatigue  testing  were 
sealed  at  the  faying  surface  side  edges  and  Hl-Lok  collars  to  prevent  corrosion  except  in  the  fastener 
head  areas.  Ihe  sealant  used  was  a  silicone  type  and  n..^  PeraiagtJtn  as  recommended  in  reference  (3). 
The  procedure  for  static  pre-exposure  is  described  In  detail  In  reference  (3).  Most  specimens  were 
immersed  for  the  recommended  time  ui  TJ.  hours  in  5  X  aqueous  SaCl  acidified  by  a  predetermined  amount 
of  gas  and  maintained  at  il5  t  2  K.  However,  for  comparison  purposes  some  specimens  were  pre-  exposed 

tor  m"ultlples  (jX,  4X  and  3X)  of  ’’2  hours.  The  cleaning  procedure  after  pre  exposure  followed  the 
unamended  procedure  in  section  7.4  of  Part  I  of  reference  (3). 

For  fatigue  testing  all  specimens  were  electi'lcally  insulated  from  the  loading  grips  and  boles  by 
polymeric  liners  and  bushings.  Specimens  to  be  fatigued  in  salt  spray  were  also  sealed  at  the  faying 
surface  side  .idges  and  Hi-l.ok  collars.  The  fatigue  environments  were  laboratory  air  and  3  X  aqueous  NaCl 
salt  spray  acidified  with  ^2^®4  both  at  a  nominal  temperature  of  293  K.  The  salt  spray  tests  were 

done  in  a  specially  constructed  cabinet,  fully  described  in  reference  fi).  The  nominal  cycle  frequencies 
for  fatigue  testing  with  FALSTAFF  were  13  Hz  in  air  and  2  Hz  In  salt  spray, 

8.3  Results 

The  complete  set  of  fatigue  life  and  primary  fatigue  origin  data  for  cl.e  lABG  contribution  to  FACT  is 
given  in  table  8.2.  The  way  in  which  the  test  programme  was  set  up  and  the  results  had  consequences  for 
the  statistical  methods  used  to  analyse  the  data.  This  will  be  discussed  in  section  8.1,1. 

The  fatigue  life  results  are  presented  and  stat  ist  ically  analysed  In  section  8.3.2.  This  is  followed 
by  presentation  and  statistical  analysis  of  the  primary  fatigue  origin  data  In  section  8.3.3. 

8.3.1  StatisL’’cal  methods  for  analysing  the  data 

survey  of  the  statistical  methods  for  analysing  the  lABC  data  is  given  in  figure  b.l.  Owing  to  the 
limited  number  and  unequal  sample  sizes  of  the  fatigue  life  data  it  had  to  be  assumed  that  they  at  leist 
approximated  t  random  samples  from  log-normally  distributed  populations  with  equal  variance.  L’nequal 
•sample  sizes  a.  ''  meant  chat  modified  versions  of  the  least  significant  difference  test  and  Uurican's  new 
multiple  range  test  had  to  be  used  tor  “fine  tuning”  the  analysis  of  variance  results.  More  details  of  the 
statistical  methods  are  given  in  Appendix  11. 

8.3.2  Fatigue  life  data 

■^he  fatigue  life  data  are  shown  in  figure  8.2.  In  a  general  w,  .  these  data  indicate  that  stress  level 
jnd  environment  had  significant  effects  on  fatigue  lives  (note  that  extended  pre-exposures  are  consid:red 
equivalent).  With  regard  to  materials  the  only  obvious  differences  were  at  MPa,  namely  the 

shorter  fatigue  lives  of  7073-T76  specimens  compared  to  the  7475-T761  and  7075-T6  specimens. 

The  results  of  three-way  analysis  of  variance  of  the  data  are  summarised  in  table  8,3.  According  to 
r’^e  analysis  the  main  variables  of  stress  level,  environment  and  material  and  their  two-way  interactions 
all  had  significant  effects  on  the  fatigue  lives  of  the  specimens.  Since  there  were  only  two  stress  levels 
it  l.s  obvious  that  Che  significant  difference  Is  between  them.  Thus  It  was  not  necessary  to  "fine  tune” 
this  result  using  ch*’  least  significant  difference  test.  Also,  owing  to  the  dominating  effect  of  stress 
level  (compare  the  F  and  F  distribution  values  in  table  8.3)  it  was  not  worthwhile  using  the  least 
significant  difference  test  to  compare  environment.s  and  materials  without  introducing  stress  level.-;.  In 
other  wi>rds  it  was  better  to  proceed  direc'^ly  to  the  tw<.-way  interactions,  vhlch  will  be  discussed  in  the 
to  1  lowing  order; 

•  etiect  of  stress  ievel  per  environment  (fatigue  testing  schedule)  and  material 

•  etfect  of  environment  at  each  stress  level 

•  eltect  of  material  at  each  stress  level 

•  ettect  'f  environment  per  material 

ttei.t  m.iterial  per  environment. 

.  .  i.-Bp.<rc.}r!ce  of  stre.ss  was  Confirmed  in  detail  by  using  the  least  significant  difference  tvst  to 
i;-..;  .  ..i'  the  •'ttect  of  stress  level  on  fatigue  life  per  environment  and  material.  The  results  are  given  in 
5  ible  ^...  l;i  every  c.»se  the  effect  of  stress  level  was  significant,  as  would  be  expected. 

■.  e.ist  ^.ignl^tca^t  difference  test  results  for  the  effects  ol  environment  and  material  at  each  stress 
level  .u  e  suraraa’-ised  in  tables  8,5  and  8.0.  Significant  environroent.Tl  effeeC.s  were  foui  d  for  both  stress 
levels,  but  apart  from  thi.s  theit  was  no  general  trend.  Significant  differences  between  materials  occurred 
mly  dt  the  higher  Stress  level  and  were  the  result  of  shorter  fatlgvie  lives  of  7U73-T76  specimens 
compared  to  the  7475-T78I  and  7073-16  specimens. 

For  completeness  t  .w  'east  significant  difference  test  resiilCs  concerning  environment  :  mareri.?! 
interactions  are  listed  in  table  8.7.  There  is  a  problem  with  interpreting  these  Interactions.  No 
distinction  c».>uld  be  made  between  stress  levels,  since  three-way  interactions  were  not  tou"d  significant 
by  analysis  vif  Variance,  see  table  8.3.  To  include  the  effect  of  stress  the  data  had  to  be  analysed  using 
Duncan's  new  multiple  range  test.  The  results  are  given  In  tables  8.8  and  8.9  and  compared  in  table  8.10 
with  the  least  significant  difference  test  results  for  environment  :  material  interactions.  There  were 
several  discrepancies,  shown  shaded,  between  the  test  Indications.  In  all  cases  the  discrepancies  could  e 
attributed  to  the  importance  of  t.iking  stress  level  into  account.  In  (>ther  words,  only  the  re.sults  from 
Puncan  s  test  should  be  considered.  These  may  be  described  as  follows: 


vl;  .  igii  i  I  i  Ciint  environmental  effects  were  found  for  each  materinl  -ut  there  was 


overa 11  trend. 


effects  were  confined  co  facij^ue  with 


on  fatigue  life.  An  explanation  of  ttie 
(7075-rh  fatigued  with  b  .  -  238  MPa) 

’  8.2.  Extended  pre-exposure  sometimes 
lemote  from  fastener  holes.  For  7075-T6 
specimens  fatigued  at  the  lower  stress  level  this  corrosion  was  sufficiently  severe  to  cause 
early  initiation  of  fatigue  cracking.  At  Ctie  higher  stress  level  fatigue  crack  .niciatio;)  was 
determined  mainly  by  the  stress  cuncencraciog  effect  of  the  fastener  tioles. 

(A)  Significant  differences  between  materials  occurred  for  fatigue  with  S  =  289  MPa  and  for  each 
°  max 

environment  in  which  all  three  materials  were  tested.  As  stated  previously,  these  differences 
were  due  to  shorter  fatigue  lives  of  7075-T76  specimens  compared  to  7475-T761  and  7075-T^ 
spec  tmens . 

h.j.J  Primary  fatigue  origin  data 

The  primary  fatigue  origin  data  were  analysed  using  the  test  of  independence  and  the  results  are 
summarised  in  table  8.11.  All  three  main  variables  of  stress  level,  environment  (fatigue  testing  schedule) 
.and  material  had  significant  effects  on  the  locations  of  prlm'’cy  fatigue  origins,  as  follows: 

(,  1 )  For  S  =  289  MPa  most  failures  initiated  in  the  bores  (E/Q)  and  at  the  bore/faying  surface 
corners  (F/R)  of  the  fastener  holes  in  the  specimens.  For  S  =  238  MPa  most  failures  initiated 
at  tile  U*/S)  faying  surface  locations. 

(.2)  With  or  without  pre-exposure  the  change  from  fatigue  in  air  to  fatigue  in  saK  spray  reduced  the 
number  of  faying  surface  (G/S)  failures.  Pre-exposure  and/or  fatigue  in  .'alt  spray  promoted 
failures  at  the  borc/faylng  surface  corners  (F/R)  of  the  fastener  holes  and  also  promoted 
failures  at  specimen  corners  remote  from  che  fastener  holes. 

(j)  For  7U/S-T7h  specimens  Cl'-re  were  relatively  more  failures  In  the  bores  (F./Q)  and  at  the  bore/ 
t.jylng  surface  corners  (F/R)  of  the  fas-ener  holes.  For  7473-T7hl  and  7Q75-T6  specimens  a  number 
oi  tailures  occurred  remote  from  the  fastener  holes.  This  w.as  not  observed  for  the  7075-T7h 
specimens  either  in  this  investigation  or  in  the  CFCTP  core  programme  (see  toble  2  in  Part  IT  of 
this  report) . 

5.4  (Uscussion 

This  investigation  has  sliown  that  747^-T7pl  and  7U73-Tb  specimens  assembled  using  the  MRCA  pr'.JtecCion 
system  luwe  equivalent  fatigue  and  corrosion  fatigue  properties  when  tested  with  a  reaifsti'c  load  hi.sCory 
(FALSlAFF) .  t>n  Che  other  hand,  707b-T7f>  CFCTP  core  programme-type  specimens  had  signi  f  leant  1>  shorter 

lives  at  S  »  289  MPa  but  not  at  S  *  238  MPa. 
max  max 

The  reason  for  this  difference  is  not  obvi.ms.  However,  the  primary  fatigue  origin  data  provide  a 
clue.  For  che  7075-T76  specimens  tested  at  there  were  relatively  more  failures  in  the  b^res 

and  at  the  bnre/faylng  surface  corners  of  the  fastener  holes.  In  the  CFCTP  core  programme  it  was  ^ound 
Chat  these  failure  locations  tended  to  result  in  sh^)rter  fatigue  lives  than  other  'oc^tions,  see  section 

3.4  of  Parc  11  of  this  report. 

The  question  now  arises  as  to  why  there  were  telaCively  more  lallures  in  the  bores  and  at  Che  bore/ 
raying  surface  corners  of  tiie  fastener  holes  in  the  7075-T?h  speclmetjs  tested  at  S  «  289  MPa.  It  Is  our 

max 

opiftion  chat  che  use  of  CelJo.soal  .sealant  in  assembling  the  7473-1761  and  7075-16  specimens  was 
re;ponslblfc.  In  other  words,  Celloseal  prevented  or  postponed  fallui-.-  initiation  at  the  characteristic 
shorter  life  locations  and  enabled  the  747S-T7()l  and  7075-T6  specMiens  to  reach  significantly  longer 
fatigue  lives  than  tire  7(l7j-T76  specimens. 

8 . 5  Coriclus  ions 

(1)  7-75-T761  and  7U75-T6  specimens  assembled  using  the  MivCA  protection  .s-'.cem  had  equivalent  fatigue 

^..d  corrosion  fatigue  properties  under  FALSTAFF  loading.  71)75-176  cFC  '*  core  programme-type 
specimens  were  significantly  inferior  at  the  higher  stress  Level  (S  =  289  MPa)  b”t  ennivalent 

at  the  lower  stress  level  (S  =  238  MPa). 

max 

(2)  Wet  assembly  with  Celloseal  sealant  can  be  beneficial  to  fatigue  .and  corrosion  fatigue  life. 

{,3)  Stress  level  had  .i  predominant  effect  on  tatigue  life. 

(4)  .’Significant  environmental  effects  occurred  at  both  stress  levels,  but  there  was  no  overall  trend. 

(3)  Extending  the  pre-exposure  period  ttj  multiples  of  the  specified  72  hours  generally  had  no 
additional  effect  on  fatigue  life. 

(6)  All  three  main  variables  of  stress  level,  environment,  and  mate.  >1  +  protection  system 
L omb inac ions  had  significant  effects  on  the  locations  of  primary  fatigue  origins.  Celloseal 
prevented  or  postponed  failure  initiation  at  locations  which  are  characteristically  associated 
with  shorter  fatigue  iives. 


(2)  For  7475-T761  and  7075-T76  the  significant  environmental 
S  »  289  MPa. 


Extended  pre-exposure  generally  had  no  additional  effect 
one  case  tor  which  extended  pre-exposure  was  significant 
is  provided  by  the  primary  fatigue  origin  data  in  tab. 
resulted  in  enhanced  corrosion  attack  at  specimen  corners 
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TABLE  8.1:  OVEKVlEW  Ol  THE  lABi:  ILST  FROCRAMMK  I  OK  KAC 1 


•  3.2  mm  thick  7075-T76  (CFCTP  core  prograimne  material),  7^73*1761 

clad  and  7075-T6  aluminium  alloy  sheets 


PRESS  FIT  Hi  Uk  FASTENERS 


PROTECTION  SYSTEMS 


7075-T76  :  chromate  conversion  +  Inhibited  epoxv  polvaralde  primer 

(except  fastener  holes)  +  aliphatic  polyurethane  topcoat 

7A73-T761  and:  chromate  conversion  4  inhibited  epoxv  polvamide  primer 
7073-T6  (except  fastener  holes)  4  celloseal  in  fastem-r  hoUs 

and  at  faying  surfaces  polyurethane  t.opco.it 


PROTECTION  SYSTEM 
DA-MACE 


two  Stress  cycles  at  low  temperature  to  crack 
paint  and  primer  around  the  fastener  ht-ads 


FATIGUE  LOADING 


•  FAI.STAKF 


FATIGUE  ENVIRONMENTS  •  laboratory  air;  3  %  a-p.ivous  N.iCl  s.ilt  sprav  with  pH  ■* 

STATIC  PRE-EXPOSURE  •  multiples  of  72  hours  i  ti  3  »  a-iueous  NaCl  *■  S<>,  Tl';  K 


TEST  PROGRAMME 


SCHEDULES 

CHARACTERISTIC 
STRESS  LEVEL 

f a t i gtte  in  air 

S  -  2S9  MPa 

m.ix 

S  -  238  MPa 

max 

pre -exposvive  + 
fatigue  in  air 

S  -  289  MPa 

max 

S  -  238  MPa 

max 

fatigue  in 
salt  spray 

S  -  289  MPa 

max 

pre-exposure  *- 

S  -  289  MPa 

max 

fat igue  in 
salt  spray 

S  -  238  MPa, 

max 

extended  pre- 

S  -  289  HPa 

max 

exposure  +  fatigue 
in  salt  spray 

S  -  238  MPa 

max 

7A73T.<)L 

;i'.'3-T6 

7073  ■  T  rij 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

_?_J 

• 

STATISTICAL  ANALYSIS  •  fatigue  lives  and  primary  fatigue  origins 


FATIGUE  LIFE  TO  FAILURE  (FLIGHTS  AND  LOG  MEAN  VALUESI/LOCATIONS  OF  PRIMARY  ORIGINS  OF  FATIGUE 


t-oniplft*  drying  of 


si:n;L\RV  or  .vnalysis  ov  vaki/uNcl  rlsulis  (y>  ;;  u>Nrii)i;Nct) 


lAbl.t  8.S:  LtASl  SLCNIUCASI  DifFtKENCE  TEST  RESULTS  (.95  %  COSFlDENC^i)  FOR  THE  EFFECT  OF  ENVIRONMEST  ON  FATIGLi;  LIFE  AT  EACH  STRESS  LEVEL 


,4d/;o/'.-T/s 


rABl.t  a.s;  SLMMiVKV  Of  OUNCAS '  S  NEW  MULTIPLE  RANEE  TES't  RESULTS  E9S  %  CONflDENCE)  TOR  THE  EffEtT  OF  HATEKIAL  FER  STRESS  LEVEL  AND  ENVIRONMENT 


JOMPAKISONS  OF  LLASI  S10N1KIC/\NT  DIFKKRtNOh  TEST  AND  DUNCAN 


IAB6  FACT  DATA 


Fig. 


Survey  of  siatletical 


methods  for  analysing  the 


lABG  data  for  FACT 


1000  10.000  100,000 
SIMULATED  FLIGHTS  TO  FAILURE 


Pig.  8.2  lABG  fatigue  life  data  contribution  to  the  FACT  progranuae 
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9.  THE  RA£  CONTRIBUTION  TO  THE  FACT  PROGRAMME 

R.M.J.  Kemp,  Royal  ircraft  Establishment  RAE,  Materials  and  Structures  Department,  Farnborough, 
United  Kingdom 

9.1  Introduction 

The  high  strength  AlZnMgCuZr  alloy  7010  has  been  developed  for  aerospace  structural  applications  with 
the  aim  of  combining  high  strength  with  resistance  to  corrosion  and  stress  corrosion.  The  RAE  contribution 
to  the  FACT  programme  concentrated  on  the  fatigue  and  corrosion  fatigue  properties  (fatigue  strength  and 
crack  growth  resistance)  of  7010  in  the  T7651  and  T7451  tempers. 

In  addition,  the  effectiveness  of  chromate-containing  and  non-chromate-containing  primers  in 
mitigating  corrosion  fatigue  was  compared  using  li  dogbone  specimens  of  7075-T6  aluminium  alloy  sheet. 
This  material  came  from  the  same  batch  tested  by  the  NDRE,  NLR  and  lABG,  see  table  1.1  of  the  introduction 
to  this  part  of  the  report. 

9.2  The  Test  Programmes 

An  overview  of  the  test  programmes  is  given  in  table  9.1.  There  were  three  test  programmes  to  compare 

•  fatigue  and  corrosion  fatigue  strengths  of  70I0-T7651  and  7010-T7A51 

•  fatigue  and  corrosion  fatigue  crack  growth  resistances  of  7010-T7651,  7010-T7451,  7475-T735I  and 
7050-T7A51 

•  corrosion  fatigue  resistance  of  7075-T6  with  protection  systems  including  chromate-containing  and 
non-chromate-containing  primers. 

9.2.1  Materials  and  properties 

Engineering  property  data  for  all  the  materials  were  as  follows: 


MATERIALS 

0.2  Z  YIELD  STRESS  (MPa) 

UTS  (MPa) 

FLONGATION  (Z) 

25  mm  thick  7010  plate 

T7651 

A72  (L) 

488  (T) 

T745I 

14.0  (L) 

13.0  (T) 

25  mm  thick  7475-T7351  plate 

40  ram  thick  7050-T7451  plate 

488  (L) 

486  (T) 

548  (L) 

545  (T) 

10.5  (L) 

12.0  (T) 

547 

582 

11.2 

Note  that  Che  two  heat  treatment  conditions  of  7010  were  from  the  same  plate. 

9.2.2  Specimen  configurations 

The  specimen  configuration  for  the  fatigue  strength  test  programme  is  shown  in  figure  9.1.  This 
specimen  has  a  stress  concentration  factor  K  =  2.52.  The  burrs  around  the  drilled  holes  were  removed  by 
gentle  abrasion.  Note  that  the  specimen  long  axis  is  normal  to  the  plate  rolling  direction. 

The  specimen  configuration  for  the  fatigue  crack  growth  resistance  test  progranime  is  shown  in  figure 
9.2.  The  specimens  were  machined  from  the  centre  sections  of  the  plates  and  with  the  long  axis  normal  to 
the  plate  rolling  direction. 

The  specimens  for  comparing  chromate-containing  and  non-chromate-containing  primers  were  of  the 
IJ  dogbone  configuration  discussed  in  detail  In  reference  (1)  and  recommended  for  the  FACT  programme. 
Cadmium  plated  steel  Hi-Lok  fasteners  were  used.  The  diameter  of  the  holes  for  the  fasteners  was 
6.248  t  0.0127  mm,  which  corresponds  to  an  interference  fit,  see  figure  1.1  of  the  introduction  to  this 
part  of  the  report. 

9.2.3  1)  dogbone  protection  systems  and  specimen  assembly 

The  7075-T6  1!  dogbone  specimens  uere  originally  manufactured,  painted  and  assembled  according  to  the 
following  procedure; 

•  specimen  parts  machined 

•  chromic  acid  anodising  and  hot  water  sealing  of  all  surfaces 

•  application  of  chromate-containing  or  non-chromate-containing  epoxy  primer  on  all  surfaces 

•  fastener  holes  drilled 

•  application  of  polysulphide  sealant  to  faying  surfaces 


Hi-Lok  instaildtion  and  wet  .issembly  of  fatigue  specimen  dogbones  and  halt  plates 


•  application  of  acryl  ic  topcoat. 

During  the  test  programme  it  became  evident  that  the  protection  .system  with  non-ch''  .la  C  e-conta  in  i  ng 
primer  was  insufficiently  resistant  to  static  pre-exposure.  Drastic  decoheslon  of  the  topcoat  +  primer 
indicated  faulty  application  of  the  primer.  Therefore  some  specimens  were  reprocessed  according  to  Royal 
Air  Force  (RAF)  practice  as  follows: 

•  solvent  or  chemical  stripping,  without  disassembly,  down  to  the  anodised  layers  on  exterii’r 
surfaces 

•  re-application  of  chromate-containing  or  noo-chromate-containlng  epoxy  primer  on  exterior  surfices 

•  application  of  polyurethane  topcoat. 

Finally,  it  should  be  noted  that  although  in  the  original  processing  the  polysulphide  sealant  was 
applied  intentionally  only  to  faying  surfaces,  post-test  examination  showed  traces  cl  se.ilant  in  the 
fastener  holes  of  both  dogbones  and  half  plates. 

9.2.4  Mechanical  testing  conditions  (static  prestressing  and  fatigue) 

All  stresses  were  defined  in  terms  of  loads  on  the  total  cross-sections  of  the  specimens  in  the  gauge 
length.  This  means  that  the  central  holes  and  notches  In  the  fatigue  strength  and  crack  growth  resistance 
specimens  and  the  fastener  holes  in  the  dogbone  specimens  were  included  in  the  cross-sectional  area. 

Before  environmental  exposure  and  fatigue  testing  all  Ij  dogbone  specimens  were  prestressed  at 
209  1  5  K  by  applying  two  load  cycles  up  to  215  MPa.  The  procedure  for  this  is  discussed  in  reference  (1). 
The  purpose  of  this  low  temperature  prestressing  was  to  ensure  that  the  paint  and  primer  layers  were 
brittle  and  would  crack  around  the  Hl-Lok  fastener  holes,  thereby  simul.tlng  service  damage  that  enables 
corrosion  and  corrosion  fatigue  to  occur. 

All  fatigue  Lasts  were  done  using  an  INSTKCN  1342  eiectrohydraulic  machine.  The  fatigue  load 
histories  were  constant  amplitude  sinusoidal  loading  with  a  stress  ratio  R  ■  S  /S  of  U.l  and  the 

min  max 

manoeuvre  spectrum  FALSTAFF  (references  2.  3).  A  short  description  ol  this  spectrum  is  given  in  section 
1,3  of  this  part  of  the  report. 

Details  of  the  fatigue  testing  conditions  ore  as  follows: 

(1)  Fatigue  strength  tests  were  carried  out  over  a  range  of  stress  levels  at  a  nominal  cycle 
frequency  of  15  Hz  for  both  constant  amplitude  and  FALSTAFF  loading. 

(2)  Fatigue  crack  growth  resistance  tests  were  done  at  similar  load  levels  for  constant  amplitude 

loading  and  at  a  constant  gross  section  S  of  75  MPa  for  FALSTAFF  loading.  As  shown  in  table 

9.1,  Che  cycle  frequencies  were  10  Hz  and  I  Hz  for  constant  amplitude  loading  und  lU  Hz  tor 
FALSTAFF  loading.  Crack  growth  was  monitored  using  a  2-wire  pulsed  direct  current  potential  drop 
method.  The  current  and  voltagw  leads  were  taken  out  of  the  salt  spray  chamber  vi,i  a  sealed 
porthole  as  shown  in  figure  9.3.  A  microcomputer  was  used  for  data  storage  and  analysis, 

(3)  The  IJ  dogbone  specimen  fatigue  tests  were  done  with  constant  amplitude  loading  at  an  S  oi 

max 

210  MPa  and  cycle  frequencies  of  2  Hz  in  air  and  0.5  Hz  in  salt  spray.  These  testing  conditions 
were  based  on  chose  of  the  CFCTP  core  programme. 

9.2.5  Environmental  conditions  (pre-exposure,  fatigue  and  corrosion  fatigue) 

Ij  dogbone  specimens  scheduled  for  static  exposure  to  an  aggressive  environment  belore  fatiguv 
testing  were  sealed  at  the  faying  surface  side  edges  and  Hi-Lok  collars  to  try  and  prevent  corrosion 
except  in  the  fastener  head  areas.  The  procedure  for  static  pre-exposure  is  described  in  detail  in 
reference  (1).  The  specimens  were  immersed  for  72  hours  in  5  %  aqueous  NaCl  acidified  by  a  predetermined 
amount  of  SO^  gas  and  maintained  at  315  1  2  K.  The  cleaning  procedure  after  pre-exposure  followed  the 
amendment  in  section  4.4  of  Part  2  of  refe^nce  (1). 

For  fatigue  testing  the  fatigue  strength  specimens  were  sealed  off  from  the  environment  at  the 
clamping  area,  while  the  crack  growth  resistance  and  Ij  dogbone  specimens  were  electrically  insulated  fror 
the  loading  grips  and  bolts  by  polymeric  liners  and  bushings.  Ij  dogbone  specimens  to  be  fatigued  in  salt 
spray  were  also  sealed  at  the  faying  surface  side  edges  and  Hi-Lok  collars.  The  fatigue  environments  were 
laboratory  air  (relative  humidity  '  50  %)  and  salt  spray,  both  at  a  nominal  temperature  of  295  K. 
Depending  on  the  test  programme,  the  salt  spray  environment  had  different  compositions  and  acidity,  as 
shown  in  table  9.1  and  listed  here  also: 


FATIGUE  TEST  PROGRAMME 

SALT  SPHAY 

PARAMETERS 

weight  X  NaCl 

pH 

(1)  fatigue  strength 

3.5 

7 

(2)  fatigue  crack  growth  reslstanc*^ 

5 

4,  > 

(3)  effect  of  chromate  in  primers 

5 

4 

The  salt  spray  tests  were  done  in  a  specially  constructed  cabinet  illustrated  in  figure  9.3.  A 
description  of  che  cabinet,  except  for  the  sealed  porthole  for  the  crack  growth  monitoring  leads,  is  given 
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in  re  i  eren^.'  e  i  i  )  . 

The  norainal  cycle  i requenc ' es  for  each  combination  of  fatigu*  load  history  and  environment  and  lor 
each  test  programme  are  given  in  table  9.1  and  listed  litre  also: 


SOMINAJ. 

CYGI.K  FRFQl'FNCY 

FAllGL'K  TF.ST  PROGRAMMF 

FATIGUF  LOAD  HISTORY 

fatigue  in  salt  .spray 

p  H  4  ;  p  H  7 

(.1)  fatigue  strength 

constant  amplitude,  K  =  0.1 
FALSTAFF 

15  Hz 

15  Hz 

1  1  5  Hz 

1  !5  Hz 

(2)  fatigue  crack  growth  resistance 

constant  amplitude,  R  =  O.I 
FALSTAFF 

in  Hz 

10  Hz 

ID  Hz,  1  Hz'  i  Hz 

10  Hz 

O)  effect  ot  chromate  in  primers 

constant  amplitude,  k  =  0.1 

2  Hz 

0.5  Hz  1 

9.2.b  Statistical  methods  for  analysing  the  data 

The  way  in  which  the  test  programmes  were  set  up  and  the  results  had  consequences  for  the  statistical 
methods  used  to  analyse  the  data.  A  survey  of  the  statistical  methods  is  given  in  figure  9.4.  Only  the 
notched  fatigue  strength  data  lor  FALSTAFT  loading  and  the  li  dugbone  fatigue  life  and  primary  fati  ue 
origin  data  were  readily  amenable  to  statistical  analysis.  Nevertheless,  owing  to  the  limited  number  and 
unequal  sample  sizes  of  the  facigu  strength  and  life  data  it  had  to  be  assumed  that  they  at  lea.sc 
approximated  to  random  samples  from  log-nonnally  distributed  populations  with  equal  variance.  Unequal 
sample  sizes  also  meant  Chat  modified  versions  of  the  least  significant  difference  test  and  huncan's  new 
multiple  range  test  had  to  be  used  for  "fine  tuning"  the  aiiolysis  of  variance  results.  More  details  of  the 
statistical  methods  are  given  in  Appendix  11. 

9.1  Kesults  (>f  Che  Fatigue  Strengtii  Test  Programme 

The  complete  set  of  fatigue  life  data  for  the  KAF  fatigue  strength  contribution  tc  FACT  is  given  in 
table  9.2. 

9.3.1  Constant  ..implitude  fatigue  tests 

The  constant  amplitude  data  jre  plotted  in  figure  9.5  and  show  the  following: 

•  Fatigue  in  air:  the  high  cycle  notched  fat  igue  strength  of  7010-1/451  was  slightly  greater  than 

that  of  7010-T7b5l.  However,  at  higher  stres.s  levels  7010-T7<>5I  was  superi.ir. 

•  Fatigue  in  neutnl  (pH  7)  salt  spray:  the  high  cycle  notchco  fatigue  strengths  were  reduced  to  a 

similar  level  less  than  lialf  tl»e  faticue  Strengths  in  air. 

9.3.2  Manoeuvre  spectrum  (FAUSTAFF)  fatigue  tests 

Tiie  data  for  FALSTAFF  loading  are  shown  In  figure  9.6.  These  data  indicore  chat  stress  level  had  a 
significant  effe.t  or  fatigue  life  and  that  7010-T7b51  was  superior  to  7010-T7451  at  higher  stress  levels, 
as  was  the  case  for  constant  amplitude  loading.  However,  neutral  salt  spray  apparently  had  no  significan 
effect  on  the  fatigue  'ives.  This  is  a  remarkable  result,  especially  for  tests  at  lower  stress  levels,  in 

view  of  Che  relatively  long  te.sting  times,  tor  example.  50,00U  FALSTAFF  flights  require  about  dO  hours  of 

testing  at  a  nominal  cycle  frequency  of  15  Hz. 

The  results  of  three-way  analysis  of  varlai 'e  of  the  data  are  summarised  in  table  9.3.  According  to 
the  analysis  Che  main  variables  of  stress  level,  material  and  their  two-way  inteiaciions  had  signilicant 
effects  on  the  fatigue  lives  of  the  specimens.  Since  there  were  only  two  materials  It  is  obvious  that  the 
significant  difference  is  between  them.  Thus  it  was  not  necessary  to  "fine  tune"  tliis  result  using  the 
least  significant  difference  test. 

The  least  siguificant  difference  test  was  used  to  "fine  tune"  the  effect  of  stress  level  and  Che 
stress  :  material  interactions.  The  results  are  given  in  Cable  9.4.  Changing  the  stress  level 
s ign i I  leant ly  altered  the  fat'gue  lives,  as  would  be  expected.  At  Che  two  higher  stress  levels  7010-T765  I 
specimens  had  significantly  longer  fatigue  lives  tlian  70I0-T745I  specimens. 

The  potential  sources  of  variation  not  found  to  be  significant  by  analysis  of  variance  were: 

•  effect  of  environment 

•  effect  of  environment  at  each  stress  level 

•  effect  of  material  in  each  environment 

•  effect  of  maCeri.il  per  stress  level  and  environment. 

Because  there  were  only  two  envirotiments  the  lack  of  a  significant  difference  between  them  did  not  require 
further  analysis.  The  remaining  potential  sources  of  variation  were  investigated  using  Duncan's  new 
multiple  range  test.  Th.  results  are  listed  in  table  9.5  and  show: 
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(Ij  At  edch  stress  level  the  overall  tatlRue  lives  were  undft'ected  by  chanRing  irom  fatigue  in  air 
to  fatigce  in  salt  spray.  However,  1.  one  case  there  was  .1  significant  difference,  namely  for 

'UlO-’Wb5l  tested  wUh  S  =  JSO  MPa. 

max 

{^)  The  previously  mentioned  result  th*t  7010-T765I  specimens  had  significantly  longer  fatigue  lives 
than  701U-T7-51  specimens  at  the  two  higher  stress  levels  must  be  qualified.  Significant 
differences  were  found  only  for  fatigue  in  air  at  S  ■  3')0  MPa  and  fatigue  in  salt  spray  at 

S  -  250  MPa. 
max 

Results  of  the  Fatigue  Crack  Growth  Resistance  Test  Programme 

9.4.  I  Constant  amplitude  fatigue  crack  growth  tests 

The  coiu'ant  amplitude  fatigue  crack  growth  data  are  shown  in  figures  9.7  and  9.H.  Figure  9.7 
compares  Che  fatigue  crack  growth  resistances  of  7010-T765I,  7010-T7451,  7A75-T7J51  and  7050-T7431  place 
materials  in  air  and  acidified  (pH  4)  salt  spray  at  a  cycle  frequency  of  lO  Hz.  It  is  seen  that 

•  in  air  die  crack  growth  resistances  ot  7010-T7631,  70I0-T7451  and  747^-T733l  were  equivalent  hut 
7050-T745I  had  significantly  higher  crack  growth  rates 

•  acidified  salt  spray  resulted  In  Increased  crack  growth  rates  for  7010-T7651.  70I0-T7451  and 

7-i75-T735  l  but  not  for  705U-T74S1.  The  greatest  sensitivity  Co  changing  the  environment  was  shown 
by  70IQ-T?4bl. 

Figure  9.8  shows  the  effects  of  changing  the  salt  spray  acidity  and  cycle  frequency  on  the  crack 

growth  resistances  of  7010-T7651  and  7010-T7451.  For  7010-T7451  these  effects  were  negligible,  hut 

7UIU-T7651  crack  growth  rates  depended  strongly  on  salt  spray  pH  and  cycle  frequency.  These  results  can  be 
explained  partly  by  the  generally  higher  sensitivity  of  70IO-T745I  to  changing  from  fatigue  in  air  to 

fatigue  in  salt  sprny,  i.e.  there  is  a  strong  environmental  effect  even  at  a  cycle  frequency  of  lU  Hz. 

However,  it  was  unexpected  that  crack  growth  rates  in  neutral  salt  spray  would  be  higher  than  in  acidified 
salt  spray. 

9.4. J  Manoeuvre  spectrum  (.FALSTAFF)  fatigue  crack  growth  tests 

The  FALSTAFF  fatigue  crack  growth  data  are  given  in  figure  9.9.  7010-T76S1  and  7010-T743I  were  tested 
in  dir  and  neutral  salt  spray  at  a  nominal  cycle  frequency  of  lO  Hz.  The  results  show 

•  no  significant  infliience  of  the  environment  on  crack  growth 

•  similar  crack  growth  rates  and  lives  for  70I0-T7631  and  70I0-T743I 

•  the  occurrence  of  tensile  crack  jumping  (static  crack  extension  during  peak  loads)  at  half  crack 

lengths  beyond  about  dO  mm.  This  corresponds  to  £  22  which  is  signif  icantly  le.ss  than 

Che  fracture  toughnesses  of  the  two  tempers  the  appropriate  T-l.  .orientation  was  3l,9  and 

J7.7  MPafni  for  7010-T7631  and  70I0-T743I  respectively).  Similar  results  have  been  reported  and 
explained  in  reference  (4). 

The  lack  of  an  effect  of  environment  on  crack  growth  cannot  be  explained  solely  as  a  cycle  frequency 
effect,  since  constant  amplitude  tests  on  70i''-T745l  at  lO  Hz  showed  large  differences  in  crack  growth 
rates  for  fatigue  in  air  and  salt  spray,  see  figure  9.8.  Also,  It  is  somewhat  surprising  that  the 
manoeuvre  spectrum  crack  growth  rates  and  lives  of  70l0-T7b3l  and  70lO*T743l  were  similar.  Generally  it  is 
found  chat  within  a  class  of  materials  the  alloys  and  tempers  with  lower  yield  strengths  (in  this  case 
701U-T743I)  exhibit  more  crack  growth  retardation  following  peak  tensile  loads  and  hence  lower  overall 
crack  growth  rates  and  longer  lives. 

9.3  Results  of  the  Programme  on  the  tffect  of  Chromate  in  Primers 

The  complete  set  of  fatigue  life  and  primary  fatigue  origin  data  for  the  RAF.  contribution  to  FACT  on 
the  effect  of  chromate  in  primers  is  given  In  table  9.6. 

9.5.1  Fatigue  life  data 

The  tatigue  life  data  are  plotted  in  figure  9.10  and  indicate  that  environment  (fatigue  testing 
schedulel  had  a  significant  effect  on  life.  Pre-exposure  +  fatigue  in  salt  spray  was  especially 
detrimental  to  specimens  with  non-chromate-coiitalning  primer  +  acrylic  topcoat.  As  mentioned  in  section 
9.2.3.  the  problem  with  these  .specimens  was  attributed  to  faulty  application  of  the  primer  leading  to 
drastic  decohesion  of  the  topcoat  +  primer  during  pre-exposure. 

Hie  results  of  two-way  analysis  of  variance  of  the  data  are  summarised  in  table  9.7.  According  to  the 
analysis  the  main  variables  of  environment  and  protection  system  had  significant  effects  on  the  fatigue 
lives  of  Che  specimens.  These  effects  were  "tine  tuned"  by  the  least  significant  difference  test.  The 
results  are  given  in  table  9,8  and  show  that: 

(!)  Fatigue  lives  in  air  and  salt  spray  were  equivalent.  This  unusual  result  agrees  with  the  FALSTAFF 

tests  on  unprotected  notched  specimens  of  7010-17651  and  7010-T7451  (see  section  9.3.2). 

(2)  Fre-exposure  +  fatigue  in  salt  spray  significantly  reduced  the  fatigue  lives. 

(J)  The  combination  of  chromate  primer  +  jcryllc  topcoat  appeared  to  be  better  than  Che  other 

protection  systems.  There  Is  a  complication  with  this  result:  specimens  with  chromate  primer  + 

polyurethane  topcoat  were  tested  only  by  pre-exposure  and  fatigue  in  salt  spray,  so  chat  n  f*»neral 
comparison  with  specimens  having  other  protection  system.s  is  not  Justified. 


A  more  detailed  analysis  of  environment  :  protection  system  interactions  had  to  be  done  using 
Duncan's  new  multiple  range  test.  The  results  are  aummarised  in  table  9.9  and  can  be  described  as  follows: 

(4)  Pre~exposure  +  fatigue  in  salt  spray  significantly  reduced  the  fatigue  lives  of  specimens  with 
acrylic  topcoats  whether  or  not  the  primers  contained  chromates. 

(5)  The  only  significant  differences  In  fatigue  lives  per  testing  schedule  occurred  for  pre-exposure 
+  fatigue  In  salt  spray  and  were  due  to  the  shorter  lives  of  specimens  with  non-chromace- 
containing  primer  +  acrylic  topcoat. 

9.5.2  Primary  fatigue  origin  data 

The  primary  fatigue  origin  data  were  analysed  using  Yates'  corrected  test.  The  results  are  listed 
in  table  9.10.  Only  the  protection  system  was  found  to  have  a  significant  effect  on  the  locations  of 
primary  fatigue  origins.  Specimens  with  non-chromate-contalnlng  primers  had  relatively  more  failures  in 
the  bores  (E/Q)  of  the  fastener  holes  and  fewer  failures  at  faying  surface  (G/S>  locations  as  compared  to 
specimens  with  chromate-containing  primers. 

9.6  Discussion 

As  shown  in  table  9.1,  the  present  contribution  to  FACT  consisted  of  three  test  programmes.  The  scope 
is  broad  and  therefore  the  topics  for  discussion  will  be  addressed  separately  in  sections  9.h.l  -  9.6.3. 
These  topics  are: 

•  the  effects  of  changing  from  fatigue  in  air  to  fatigue  in  salt  spray 

•  uoaparisons  of  materials  with  respect  to  fatigue  and  corrosion  fatigue  strengths,  lives  and  crack 
growth  resistances 

•  Che  effect  of  chromate  in  primers. 

9.6.1  Fatigue  in  air/iatlgue  in  salt  spray 

In  general  it  Is  to  be  expected  that  changing  the  fatigue  environment  from  air  to  salt  spray  or  salt 
water  will  result  in  lower  fatigue  strengths,  shorter  Jives  and  higher  crack  growth  rates,  see  for  example 
references  (5,  6).  In  the  present  test  programmes  several  exceptions  to  this  general  trend  were  found. 
Table  9.11  reviews  the  comparisons  of  data  for  fatigue  in  air  and  salt  spray.  The  results  may  be  described 
as  follows: 

U)  High  cycle  notched  fatigue  strengths  were  significantly  reduced  by  a  salt  spray  environment. 

(.2)  Fatigue  lives  of  some  specimens  were  unaffected  by  changing  the  environment  from  a'r  cc  salt 
spray.  In  particular,  it  is  remarkable  chat  under  manoeuvre  spectrum  (FALSTAFF)  loading  the 
fatigue  lives  of  unprotected  notched  specimens  were  unaffected  up  to  60,000  simulated  flights, 
corresponding  to  about  93  hours  in  the  salt  spray  environment. 

(3)  For  most  of  the  materials  tested,  including  7010-T7651  and  70l()-T745l,  the  constant  amplitude 
fatigue  crack  growth  races  were  significantly  increased  by  changing  the  environment  from  air  to 
salt  spray.  But  at  the  same  nominal  cycle  frequency  the  fatigue  crack  growth  rates  of  7010-T765i 
and  7010-T7451  under  FALSTAFF  loading  were  virtually  the  same  in  air  and  salt  spray. 

These  results  demonstrate  the  importance  of  conducting  environmental  fatigue  tests  with  realistic 
load  histories. 

9.6.2  Comparisons  of  materials 

The  fatigue  strength  and  life  tests  on  70i0-T76Sl  and  7010-T7451  in  air  and  salt  spray  showed  chat  at 
higher  stress  levels  7010-T7651  was  generally  superior  and  at  lower  stress  levels  the  alloys  were 
equivalent.  7010-17651  was  also  equivalent  or  superto,  to  ?UlO-T7^51  in  fatigue  and  corrosion  fatigue 
crack  growth  resistance  at  a  cycle  frequency  of  10  Hz.  However,  from  figure  9.8  it  is  secti  tliat  the 
Corrosion  fatigue  crack  growth  resistance  of  7010-T7651  was  strongly  altected  by  salt  spray  pH  and  cycle 
frequency.  Reducing  Che  cycle  frequency  to  1  Hz  caused  7010-T7651  tu  h.ave  higher  crack  growth  rates  than 
7010-17451  over  a  wide  range  of  6K. 

Thus  it  is  concluded  that  besides  using  realistic  load  histories  isee  section  9.6.1)  it  is  important 
to  conduct  environmental  fatigue  tests  with  realistic  stress  levels  and  cycle  frequencies. 

Constant  amplitude  fatigue  and  corrosion  fatigue  crack  growth  teats  were  carried  out  for  7975-17351 
and  7050-T7451  as  well  as  7010-T7651  and  7010-T7451  at  a  cycle  frequency  of  10  Hz.  In  air  the  crack  growth 
resistances  of  70J0-T7651,  7010-T7451  and  7475-T7351  were  equivalent  but  7050-17451  had  significantly 
higher  crack  growth  rates.  In  salt  spray  7010-T7651  was  superior  and  7010-T7451  was  the  least  resistant. 
These  latter  results  cannot  be  generalised  because  of  the  previously  m'^ntiuned  effects  of  salt  sprav  pH 
and  cycle  frequency. 

9.6.3  Effect  of  chromate  in  primers 

The  results  of  this  test  programme  indicate  that  the  absence  of  chromate  in  properly  applied  primer 
had  no  significant  detrimental  effect  on  the  resistance  to  pre-exposure  and/or  fatigue  in  salt  sprav  of 
painted  Ij  dogbone  specimens  containing  interference  fit  Hl-Loks.  However  there  are  some  caveats.  Owing  to 
the  high  constant  amplitude  fatigue  stress  level  ■  210  MPa)  most  specimens  failed  in  the  bores  or  at 

bure/faying  surface  corners  of  the  fastener  holes  where  unprimed  metal  was  present.  Alsu  the  fatigue  tests 
in  salt  spray  lasted  less  than  14  hours. 
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Ic  is  possible  that  an  effect  of  chromate  In  primers  will  be  found  for  corrosion  fatigue  conditions 
under  which  failures  initiate  in  areas  where  primer  is  more  or  less  continuously  present  and  there  is 
plenty  of  time  for  chromate  to  leach  out  Into  the  corrodent.  With  respect  to  the  dogbone  specimen  the 

results  of  the  CFCTP  core  programme  (reference  1)  Indicate  that  these  conditions  can  be  obtained  by 
lowering  the  constant  amplitude  fatigue  stress  level.  Flight  simulation  loading  should  also  be  used,  since 
besides  being  more  realistic  it  also  gives  much  longer  testing  times,  see  for  example  table  9.11. 

9.7  Conclusions 

The  present  Investigation  consisted  of  three  test  programmes  to  compare 

•  fatigue  and  corrosion  fatigue  strengths  of  7010-T7651  and  7010-T7451 

•  fatigue  and  corrosion  fatigue  crack  growth  re8istan<'es  of  7010-T7b5l,  7010-T7451,  7475-T7351  and 
7050-T7451 

•  corrosion  fatigue  resistance  of  7075~T6  with  protection  systems  including  chromate-containing  and 
non-chromate-containing  primers. 

Conclusions  drawn  from  the  results  of  each  programme  are  given  in  sections  9.7.1  -  9.7.3,  Some  additional 
and  more  general  conclusions  are  given  in  section  9.7.4, 

9.7.1  Conclusions  for  the  fatigue  strength  programme 

(L)  In  air  the  high  cycle  notched  fatigue  strength  of  7010-T7451  was  slightly  greater  than  that  of 
7010-T7651. 

(2)  In  salt  spray  the  high  cycle  notched  fatigue  strengths  of  7010-T7651  and  70lO-<.745l  were  reduced 
to  a  similar  level  less  than  half  the  fatigue  strengths  in  air. 

(3>  Under  manoeuvre  spectrum  (FALSTAFF)  loading  In  both  air  and  salt  spray  the  notched  fatigue  lives 
of  7010-T7651  specimens  were  equivalent  to  or  longer  Chan  those  of  70I0-T7451  specimens. 

(4)  The  notched  fatigue  lives  of  7C10-T7651  and  7010-T7451  under  FALSTAFF  loading  were  unaffected  by 
changing  the  environment  from  air  to  salt  »pray. 

9.7.2  Conclusions  for  the  fatigue  crack  growth  resistance  programme 

(5)  In  air  the  constant  amplitude  fatigue  crack  growth  resistances  of  7010-T7651,  7010-T7451  and 
747S-T7351  were  equivalent  at  a  cycle  frequency  of  10  Hz.  7050-T7451  had  significantly  higher 
crack  growth  rates. 

(6)  Acidified  salt  spcsy  increased  rhe  constant  amplitude  fatigue  crack  growth  rates  for  7010-T7651, 
7010-T7451  and  747S-T735l»  but  not  for  7050-T7451,  at  a  cycle  frequency  of  10  Hz.  The  greatest 
sensitivity  to  environmental  change  was  shown  by  70I0-T7451. 

(7)  Changing  the  salt  spray  acidity  from  pH  4  to  pH  7  and  the  cycle  frequency  from  10  Hz  to  I  Hz  had 
negligible  effects  on  constant  amplitude  fatigue  crack  growth  rates  for  7010-T7451.  However, 
7010-T7651  crack  growth  rates  depended  strongly  on  salt  spray  pH  and  cycle  frequency. 

(8)  Under  manoeuvre  spectrum  (FALSTAFF)  loading  the  fatigue  crack  growth  races  and  lives  of 
7010-T7651  and  7010-T7451  specimens  were  similar.  Changing  the  environment  from  air  to  neutral 
salt  spray  had  no  slgnii leant  Influence. 

9.7.3  Conclusions  for  the  programme  on  the  effect  of  chromate  in  primers 

(9)  The  absence  of  chromate  in  properly  applied  primer  had  no  significant  detrimental  effect  on  the 
constant  amplitude  fatigue  lives  of  painted  Ij  dogbone  specimens  of  7075-T6  subjected  to  pre¬ 
exposure  and/or  fatigue  in  salt  spray.  However,  owing  the  the  high  stress  level  the  testing 
times  were  short  and  most  specimens  failed  in  the  bores  or  at  bore/faying  surface  corners  of  the 
fastener  holes  where  unprimed  metal  was  present. 

(10)  Fatigue  lives  in  air  and  salt  spray  were  equivalent,  but  pre-exposure  +  fatigue  in  salt  spray 
significantly  reduced  the  fatigue  lives  of  specimens  with  acrylic  topcoats. 

(11)  Specimens  with  non-chromate-containing  primers  had  relatively  more  failures  in  the  bores  of  the 
fastener  holes  and  fewer  failures  at  faying  surface  locations  as  compared  to  specimens  with 
chromate-containing  primers. 

9.7.4  Additional  conclusions 

(12)  The  fatigue  strength  and  life  tests  on  7010-T7651  and  7010-T7451  in  air  and  salt  spray  at  a 
cycle  frequency  of  15  Hz  showed  that  at  higher  stress  levels  7010-T765!  was  generally  superior 
and  at  lower  stress  levels  the  alloys  were  equivalent.  7010-T765I  was  also  equivalent  or 
superior  to  7010-T7431  in  fatigue  and  corrosion  fatigue  crack  growth  resistance  at  a  cycle 
frequency  of  10  Hz.  However,  the  results  of  changing  cycle  frequency  and  salt  spray  pH  for  crack 
growth  testa  show  that  a  conclusion  as  to  the  overall  superiority  of  7010-T7b5l  cannot  be  made. 


144 


(13)  Changing  the  fatigue  environment  from  air  to  salt  spray  does  not  necessarily  result  in  shorter 
fatigue  lives  and  higher  crack  growth  rates.  Significant  variables  in  this  respect  include  the 
type  of  test;  fatigue  load  history  and  stress  level;  cycle  frequency;  environmental  pH  and 
material  response.  Environmental  fatigue  tests  should  thetefore  be  conducted  with  realistic  load 
historiesi  stress  levels  and  cycle  frequencies.  (There  still  remains  the  difficult  problem  of 
deciding  what  are  the  most  realistic  environments.) 

(lA)  Further  investigation  of  the  effect  of  chromates  in  primers  should  include  flight  simulation 
fatigue  tests  on  realistic  specimens  at  stress  levels  that  result  In  fatigue  crack  initiation  in 
areas  where  primer  is  more  or  less  continuously  present.  The  tests  should  be  of  sufficient 
duration  to  allow  time  for  chromate  to  leach  out  of  chromate-containing  primers  into  the 
corrodent . 
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TABLE  9.1:  OVERVIEW  OF  THE  RAE  TEST  PROGRAMMES  FOR  FACT 


KATtRIAL  HEAT 

FATIGUE 

CHARACTERISTIC 

TREATMENT 

LOAD 

;  STRESS  LEVEL 

CONDITION 

HISTORY 

S  (MPa) 

max 

constant 

1 

50 

amplitude,  | 

1 

40 

R  -  0.1 

1 

1 

7010-T7451 

75 

50 

300 

300 

250 

FALSTAFF 

250 

175 

175 

87 

FATIGUE  LIFE  TO  FAILURE  (CYCLES  OR  FLIGHTS) 

fatigue  in  air 

fatigue  in  salt  spray* 

14.035 

44.850 

71.837 

24.329 

171,266 

181.586 

130.782 

305.809 

246.393 

>  9.141.016 

1,044.501 

1.480,738 

6,346.696 

5. 311 

4.077 

5.497 

4.826 

6.734 

14.825 

10.996 

22,217 

36.352 

59,735 

56.047 

57,598 

52.823 

1.270 

25,780 

13,892 

7,800 

25,779 

40.912 

88,799 

83,220 

96,849 

>12.673,484 

188.026 

701.170 

1.848,773 

4.999,171 

1.914 

2,283 

2.334 

3,764 

6.958 

3,431 

5.825 

10,987 

60.727 

33.713 

118,766 

52,523 

94.659 

Neutral  salt  spray  solution  with  pH  7 
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Owing  Co  equal  sample  size  these  comparisons  can  also  be  made  using  the  unmodified  least  significant  difference  tes 


Owing  CO  equal  saaple  size  these  comparisons  can  also  be  made  using  the  unmodified  version  of  Duncan's  test.  The  same  result  is  obtained 
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Fig.  9.1  Notched  specimen  configuration  for  the  RAE  fatigue  strength  ti 
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9.7  Comparisons  of  constant  amplitude  fatigue  and  corrosion  fatigue  crack  growth  resistances  of 
7010-T7651,  7010-T7451,  7475-T7351  and  7050-T7451 
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10.  THE  NRC  CONTRIBUTION  TO  THE  FACT  PROGRAMME 

A.  BaldanConl,  ALCAN  Internacional,  Kingston,  Ontario,  Canada 

W.  Wallace  and  H.D.  Ralzenne,  National  Aeronautical  Establishment,  Structures  and  Materials 

Laboratory,  National  Research  Council,  Ottawa,  Canada 

J.Y.  Dickson,  Ecoie  Polytechnique,  Department  of  Metal lurgical  Engineering,  University  of  Montreal, 

Canada 

10. 1  Introduction 

The  NRC  contribution  to  FACT  was  mainly  a  comparison  of  fatigue  crack  growth  and  corrosion  fatigue 
crack  growth  properties  of  7075  aluminium  alloy  plate  in  the  T651,  T7351  and  RRA  (retrogression  and  reage) 
conditions.  Stress  corrosion  crack  growth  rate  tests  were  also  carried  out  on  Che  same  materi.il.  Some 
fatigue  crack  growth  and  corrosion  fatigue  crack  growth  tests  were  done  with  7075  aluminium  alloy  sheet  in 
the  T651,  T7351  and  RRA  conditions. 

10.2  The  Retrogression  and  Reageing  (RRA)  Process 

The  retrogression  and  reageing  process  was  first  described  by  Cina  and  Ranlsh  (references  I,  2)  and 
is  a  heat  treatment  designed  for  use  with  the  7000  series  aluminium  alloys.  The  RRA  creacment  was  claimed 
to  provide  in  a  single  temper  Che  strength  and  stress  corrosion  resistance  equivalent  to  the  best  features 
of  the  T6  and  T73  tempers.  The  heat  treatment  is  shown  schematically  in  figure  10. 1.  It  is  applied  Co 
material  in  Che  i  .  condition  and  involves  two  stages  of  treatment.  The  first  stage,  retrogression, 
requires  heating  for  short  times  of  the  order  of  a  few  seconds  or  minutes  at  temperatures  in  the  range 
473  -  533  K.  The  second  stage,  reageing,  is  a  repeat  of  the  original  T6  age,  which  typically  involves 
heating  for  about  24  hours  at  393  K. 

Subsequent  studies  (references  3-8)  have  confirmed  the  essential  features  of  the  retrogression  and 
reageing  process.  As  indicated  in  figure  10. I,  retrogression  appears  to  involve  three  stages.  During 
stage  I  the  strength  decreases  from  the  initial  T6  value  and  reaches  a  minimum  at  the  start  of  stage  11, 
where  the  strength  begins  to  recover.  A  secondary  hardening  peak  is  reached  at  the  onset  of  stage  HI, 
GonCinued  heating  through  stage  III  causes  a  further  loss  of  strength  as  the  material  effectively 
overages.  Besides  changes  in  strength,  retrogression  causes  a  progressive  increase  in  electrical 
conductivity.  After  relatively  short  regression  times  the  material  can  be  reaged  to  recover  .strength, 

sometimes  to  levels  higher  than  the  initial  T6  value,  and  electrical  conductivity  continues  to  Increase 

and  reaches  values  close  to  those  obtained  by  conventional  T73  heat  treatment. 

Cina  and  Ranish  claimed  chat  heating  to  Che  minimum  in  the  retrogression  curve,  followed  by  reageing, 

produced  a  material  with  strength  equivalent  to  the  initial  T6  value  together  with  electrical  conductivity 

and  stress  corrosion  resistance  equivalent  to  chose  of  T73  processed  material.  A  serious  limitation  of  the 
process  is  that  the  retrogression  times  are  very  short,  typically  5-120  seconds  depending  on  temperature, 
and  thus  it  is  difficult  to  obtain  uniform  through-thickness  properties  in  thick  section  parts.  As 
originally  formulated,  the  process  is  more  suitable  for  very  chin  sections  or  as  a  surface  modification 
treatment  for  thicker  section  parts.  Wallace  ec  al.  (references  3-5,  7,  8)  showed  that  lower  temperatures 
and  longer  retrogression  times  as  far  as  the  secondary  hardening  peak  could  often  be  used  to  produce  more 
effective  combinations  of  strength  and  stress  corrosion  resistance  in  th’‘ci'i»t  section  materials. 

The  effects  of  retrogression  and  reageing  on  microstructure  have  been  studied  using  transmission 

electron  microscopy  of  thin  foils  (references  4-6).  Although  some  differences  in  interpretation  exist,  it 

appears  that  stage  I  of  the  retrogression  process  involves  partial  resolut toning  of  G.P.  zones  with  little 
or  no  effect  on  the  size  or  volume  fraction  of  or  n’  {MgZo.)  precipitates,  see  figure  10.2  and  cable 
10. 1.  Continued  retrogression  -hrough  stages  II  and  III  causes  an  increase  in  size  and  volume  fraction  of 

n  +  n'  precipitates.  Reageing  causes  a  further  increase  in  volume  fraction  of  n  +  n',  but  strength  can  be 

recovered  only  for  short  (to  the  end  of  stage  1)  or  intermediate  (to  the  end  of  st.ige  TI)  retrogression 
times.  In  references  (5)  and  (6)  it  is  shown  that  the  size  of  grain  boundary  precipitates  increases 
substantially  during  retrogression  and  approaches  the  size  of  precipitates  produced  by  the  T73  heat 
treatment.  It  has  been  suggested  that  these  coarse  grain  boundary  precipitates  play  an  important  role  in 
stress  corrosion  cracking  by  acting  as  trapping  sites  for  hydrogen  (reference  5).  Thus  hydrogen  produced 
by  hydrolysis  at  a  crack  dp  at»d  entering  the  metal  would  be  encouraged  to  precipitate,  forming  molecular 
gas  bubbles  at  the  trapping  sites  and  hence  lowering  the  concentration  of  atomic  hydrogen  (presumed  to  be 
Che  damaging  species)  in  Che  grain  boundary  region  ahead  of  the  crack  tip.  Several  workers  have  reported 
observations  consistent  with  the  presence  of  hydrogen  bubbles  at  large  grain  boundary  precipitates  in 
a luminiutn-zinc-magnesium  alloys  exposed  to  water  vapour  (references  5,  9,  JO). 

10.3  The  Test  Programme 

An  overview  of  the  test  programme  is  given  In  table  10.2.  Tests  were  originally  planned  lor  both  7075 
and  7475  material.  But  testing  of  7475  was  discontinued  because  residual  stresses  introduced  during  heat 
treatment  resulted  in  spurious  fatigue  crack  growth  behaviour,  which  is  explained  In  section  in. 4. 4.  There 
Were  two  parts  to  the  programme: 

•  investigation  of  stress  corrosion  crack  growth  resistance  of  7C75  plate  as  a  function  of  heat 
treatment,  including  several  TbRRA  conditions 

•  comparisons  of  fatigue  crack  growth  and  corrosion  fatigue  crack  growth  resistauv  of  7075  sheet 
and  plate  in  the  T65I,  T735i  and  optimum  TbRRA  conditions. 

10.1.1  Materials,  heat  treatments  and  specimen  configurations 

The  materials  used  in  this  investigation  were  7075  and  7475  aluminium  received  in  the  T65J  and  T7351 
tempers  respectively.  The  7075  alloy  was  received  in  the  form  of  3.2  ram  thick  sheet  and  102  mm  thick 
plate.  The  7475  alloy  was  received  in  the  form  of  63.5  mm  thick  plate. 
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Retrogression  and  reagelng  creatnents  were  carried  out  on  unnotched  specimens  ulanks  using  silicone 
oil  baths.  For  the  7075  sheet  and  plate  retrogression  was  carried  out  directly  for  the  as-received  T651 
materials.  However,  since  the  7475  plate  was  received  In  the  T7351  condition  it  was  necessary  to  do  a  full 
solution  treatment  and  age  in  order  to  obtain  a  T6  starting  condition  before  retrogression  and  reageing. 
The  7475  plate  was  quenched  into  cold  water  at  273  K  after  solution  treatment  at  753  1  5  K,  but  no  stress 
relieving  was  done  before  ageing  at  293  K.  Retrogression  treatments  were  carried  out  at  493  K  and  533  K 
for  various  times  before  ageing  for  24  hours  at  393  K. 

There  were  three  types  of  specimen,  illustrated  schematically  in  table  10.2.  For  stress  corrosion 
crack  growth  tests  the  specimens  were  of  the  bolt-loaded  double  cantilever  beam  (DCS)  type  described  by 
Speidel  (references  11,  12).  The  specimens  were  127  aao  long,  19  mm  high  and  31  mm  thick  and  orientated 
with  the  loading  direction  parallel  to  the  short  transverse  (S)  direction  and  with  crack  growth  in  the 
longitudinal  (L)  rolling  direction  of  the  plate.  This  Is  the  most  sensitive  orientation  with  respect  to 
environmentally  enhanced  fracture. 

For  fatigue  crack  growth  tests  centre  cracked  tension  (CCT)  specimens  were  machined  from  the  3.2  mm 
thick  sheet.  Loading  was  in  the  longitudinal  (L)  direction  and  crack  growth  in  the  long  transverse  (T) 
direction.  Compact  tension  (CT)  specimens  conforming  to  ASTM  Standard  E647-83  (B  »  12.7  mm,  W  «  63.5  mm) 
were  machined  from  fully  heat  treated  plate  specimen  blanks.  The  CT  specimens  were  loaded  either  in  the 
longitudinal  (L)  or  short  transverse  (S)  directions  and  crack  growth  was  in  the  long  transverse  (T)  or 
longitudinal  (L)  directions  respectively. 

10.3.2  Fatigue  testing  Conditions 

Constant  amplitude  fatigue  crack  growth  rates  were  obtained  for  tests  in  laboratory  air,  dry  argon 

and  flowing  3.5  %  aqueous  NaCl  under  the  conditions  of  stress  ratio  (R  *  S  .  /S  )  and  cycle  frequency 

min  max 

shown  in  table  10.2.  CCT  specimen  crack  lengths  were  measured  optically  and  also  using  two  FRACTOKAT  KRAK 
gauges  bonded  on  either  side  of  the  centre  crack  starter.  For  the  CT  specimens  crack  lengths  were 
calculated  from  compliance  measurements  made  periodically  during  the  tests. 

Since  previous  work  (references  13-15)  showed  that  the  most  pronounced  effects  of  heat  treatment  on 
fatigue  crack  growth  in  aluminium  alloys  are  observed  at  low  growth  rates  in  the  threshold  regime 

(da/dn  <  10  ®  o/cycle)  the  present  work  on  CT  specimens  concentrated  on  this  regime.  Crack  growth  rates 
were  determined  for  both  4K-increaslng  and  AK-decreasing  conditions  using  a  computer  controlled  test 
system  with  automatic  data  acquisition  and  analysis  (reference  i6).  For  the  AX -decreasing  tests  a 
technique  described  by  Saxena  et  al.  (reference  17)  was  used  to  keep  the  rate  of  change  of  plastic  zone 
size  constant  as  the  crack  propagates.  Thus  the  load  shedding  followed  an  exponential  curve  given  by 

AKCa)  ■  exp  iC(a-a^)] 

where  the  subscript  "o"  denotes  initial  values  of  crack  length  a  and  AK,  and  the  constant  C  determines  the 
rate  of  decrease. 

In  addition,  the  software  continually  checked  the  load  versus  crack  opening  displacement  (COD)  data 
secs,  used  in  the  compliance  technique  to  measure  crack  growth,  for  the  occurrence  of  crack  closure.  The 
compliance  data  were  scanned  from  the  maximum  load  downwards  for  a  2.5  %  positive  change  in  slope.  This 
point  on  Che  load-COD  curve  was  taken  to  be  the  closure  load,  which  was  Chen  used  to  define  an  effective 
AK: 


AK  *  K  -  K  , 

eff  max  closure 

Detailed  descriptions  of  the  test  system  and  methods  are  given  In  references  (16,  18). 

10.4  Results 

10.4.1  Effects  of  RRA  on  microstructure,  mechanical  properties  and  electrical  conductivity 

The  microstructures,  short  transverse  mechanical  properties  and  electrical  conductivities  of  the  7075 
alloy  plate  in  the  T651.  T6RRA  and  T7351  conditions  arc  shown  in  figure  10.3.  As  found  previously 
(reference  5)  both  RRA  and  overageing  to  the  T7351  condition  increased  the  size  of  grain  boundary 
precipitates.  The  grain  boundary  precipitates  had  diameters  20,  75  and  65  nm  for  the  T651,  T6RRA  and 
T7351  conditions  respectively.  A  general  Increase  in  size  of  the  intragranular  (matrix)  precipitates  is 
also  apparent  in  proceeding  from  the  T651  to  the  T6RRA  and  T7351  conditions. 

It  is  not  the  purpose  of  this  contribution  to  the  FACT  programme  to  interpret  these  microstructures 
in  detail,  but  it  is  worthwhile  pointing  out  that  the  T6RRA  treatment  appears  to  give  a  tnicrostructure 
combining  the  preferred  features  of  fine  matrix  precipitates  characteristic  of  the  T651  temper  with  coarse 
grain  boundary  precipitates  characteristic  of  the  T7351  temper.  These  features  are  believed  to  be 
responsible  for  the  combination  of  high  strength  and  stress  corrosion  resistance  of  the  T6RRA  material.  As 
shown  In  figure  10.3,  the  yield  strengths  of  the  T651  and  T6RRA  materials  were  similar  and  about  8  X 
greater  than  that  of  the  T7351  material,  while  the  tensile  strength  of  the  T6RRA  material  vas  halfway 
between  the  T651  and  T7351  tensile  strengths. 

10.4. J  Stress  corrosion  crack  growth  rates 

A  series  of  heat  treatments  involving  retrogression  and  retrogression  and  reageing,  with  retro¬ 
gression  temperatures  of  493  K  and  533  K,  was  carried  out  with  7075-T651.  The  Vickers  hardness  values 
(VPN)  and  electrical  conductivities  (X  lACS)  of  these  materials  are  listed  in  table  10.3.  Retrogression 
treatments  for  times  up  to  8  minutes  at  493  K  and  2  minutes  at  533  K  were  effective  In  providing  hardness 
values  comparable  to  that  (~  180  VPN)  of  the  T651  starting  material.  Also,  the  retrogression  times  of  8 
minutes  at  493  K  and  2  minutes  at  533  K  resulted  In  electrical  conductivities  higher  than  that  of 
/075-T651  (33-34  X  lACS)  and  similar  to  values  expected  for  7075-T7351  (38-42  X  lACS). 
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Stress  corrosion  crack  growth  rates  are  shown  in  figure  10.4  for  7075-T65I,  T7351  and  T6RRA  materials 
with  retrogression  cloies  of  1»  2,  4,  6  and  12  minutes  at  493  K.  The  plateau  (stress  independent)  crack 

_o 

growth  rate  for  7075-T651  was  about  8  x  10  m/s.  and  the  transition  from  stress  Independent  to  stress 
dependent  crack  growth  occurred  at  a  stress  Intensity  factor  value  of  about  10  MPa  m.  The  effect  of 
Increasing  retrogression  time  at  493  K  was  to  progressively  lower  the  plateau  crack  growth  rate  and  move 
the  transition  to  higher  stress  intensity  factor  values. 

Material  retrogressed  for  6  minutes  at  493  K  had  stress  corrosion  crack  growth  rates  of  about 

2-4  X  lO”^^  m/s.  This  is  slightly  higher  than  crack  growth  rates  in  7075-T7351  but  ouch  lower  than  the 
plateau  crack  growth  rate  for  7075-T651.  In  view  of  this  result,  and  also  the  results  of  the  hardness  and 
electrical  conductivity  measurements  listed  in  table  10.3,  it  appears  that  an  optimum  balance  of  strength 
and  stress  corrosion  resistance  is  obtained  with  retrogression  times  of  6-8  minutes  at  493  K. 

Thus  for  the  second  and  main  part  of  this  investigation,  fatigue  crack  growth  and  corrosion  fatigue 
crack  growth  resistance  tests,  it  was  decided  in  the  case  of  T6RRA  material  to  concentrate  on  retro¬ 
gression  times  of  6-8  minutes  at  493  K  before  reageing. 

10.4.3  Fatigue  and  corrosion  fatigue  crack  growth  rates  for  centre  cracked  tension  (CCT)  specimens 

The  fatigue  and  corrosion  fatigue  crack  growth  results  for  CCT  sheet  specimens  are  given  in  figures 
10.5-10,7.  There  are  three  trends: 

(1)  For  each  combination  of  fatigue  environment  and  cycle  frequency  the  data  fall  into  fairly  narrow 
scatter  bands. 

(2)  7075-T7351  had  the  lowest  crack  growth  rates  in  air.  T6RRA  material  was  intermediate,  and 
7075-T651  had  the  highest  crack  growth  rates. 

(3)  The  overall  effect  of  a  lower  cycle  frequency  was  to  shift  the  fatigue  crack  growth  rates  to 
slightly  higher  values.  This  effect  la  more  noticeaole  for  fatigue  in  3.5  Z  aqueous  NaCl. 

10.4.4  Fatigue  and  corrosion  fatigue  crack  growth  rates  for  compact  tension  (CT)  specimens 

As  mentioned  at  the  beginning  of  section  10.3,  residual  stresses  introduced  into  the  7475  plate 
material  during  heat  treatment  resulted  in  spurious  fatigue  crack  growth  behaviour.  Specifically,  the 
7475-T6  and  -T6RRA  specimens  required  abnormally  long  times  for  initiation  of  fatigue  precracks;  the 
precracks  often  Initiated  away  from  the  machined  chevron  notches  and  grew  on  planes  not  perpendicular  to 
the  loading  direction;  and  the  crack  length  values  determined  by  computer  from  the  compliance  plots  often 
varied  In  an  apparently  random  way.  The  load-COD  plots  for  these  specimens  often  showed  marked  non- 
linearities  even  in  the  higher  ranges  of  load  employed.  In  contrast,  load-COD  plots  for  7475-T7351, 
7075-T651,  -T6RRA  or  -T7351  were  essentially  linear  and  showed  only  minor  indications  of  curvature  at  very- 
low  loads,  most  probably  as  a  normal  consequence  of  fatigue  crack  closure. 

It  is  suspected  that  the  anomalous  behaviour  of  7475-T6  and  -T6RRA  was  a  consequence  of  having  to  do 
a  full  solution  treatment  and  age  to  obtain  the  T6  and  T6RRA  conditions  from  Che  original  T7351  temper.  In 
particular,  it  is  thought  that  residual  stresses  were  introduced  by  the  cold  water  quench  after  solution 
treatment.  Because  of  this  all  subsequent  work  was  done  with  7075,  which  had  been  received  in  the  stress 
relieved  T651  condition  and  could  be  converted  to  T6RRA  and  T7351  without  full  solution  treatment. 

Fatigue  and  corrosion  fatigue  crack  growth  rates  for  7075  are  given  in  figures  10.8-10.11,  which  show 
the  following: 

•  figure  10.8  :  fatigue  crack  growth  in  dry  argon  (no  environmental  effect) 

•  figure  10,9  :  comparisons  of  fatigue  and  corrosion  fatigue  crack  growth 

•  figure  10.10:  effect  of  cycle  frequency  on  corrosion  fatigue  crack  growth 

•  figure  10.11:  effect  of  stress  ratio  on  corrosion  fatigue  crack  growth. 

Figure  10.8  shows  that  fatigue  crack  growth  rates  for  SL  orientation  specimens  fall  into  narrow 

scatter  bands  with  7075-T651  the  most  resistant  at  low  values  of  AK  and  AK  LT  orientation  7075-T651 

eff 

specimens  had  greater  resistance  to  fatigue  crack  growth  than  SL  orientation  7075-T651  specimens  at  AK  and 

AK  values  below  8  MPa  m.  However,  LT  orientation  7075-T6RRA  specimens  were  less  resistant  than  SL 
eff 

specimens,  apparently  because  there  was  less  crack  closure. 

Figure  10.9  shows  the  very  large  environmental  effect  of  fatigue  in  salt  water.  There  was  r ore  crack 
closure  in  salt  water  than  In  argon.  Consequently,  plotting  crack  growth  rates  against  resulted  in 

an  even  greater  difference  between  the  sets  of  salt  water  and  argon  data.  Also  the  apparent  "knees"  in  the 

salt  water  da/dn  -  AK  plots  at  about  10  ^  m/cycle  are  less  evident  when  the  data  are  corrected  for  crack 
closure.  With  respect  to  alloy  temper.  In  salt  water  7075-T651  was  more  resistant  than  7075-T6RRA  and 
7075-T7351  at  low  values  of  AK  and  but  less  resistant  at  higher  values. 


Figure  10,10  shows  that  lowering  the  cycle  frequency  from  20  Hz  to  2  Hz  tended  to  result  ir,  higher 
crack  growth  rates  at  higher  values  of  AK  and  lower  crack  growth  rates  at  low  values  of  dK  and 

AK  It  was  expected  that  lower  crack  growth  rates  at  low  AK  might  be  due  to  enhanced  crack  closure  at 
ef  f 

2  Hz,  owing  to  a  greater  wedging  effect  of  thicker  corrosion  products  formed  at  this  lower  frequency. 
However,  correcting  fo.  crack  closure  did  not  change  the  relative  positions  of  the  data  sets.  The 

da/dn  -  AK  plots  show  knees  at  about  iO"®  m/cycle.  When  corrected  for  crack  closure  the  data  show  knees  at 

slightly  lower  crack  growth  rates  of  about  5  x  10  m/cycle.  Interestingly,  the  ranking  of  alloy  tempers 
at  low  values  of  AK  and  changed  with  cycle  frequency:  7075-T651  was  the  most  resistant  at  20  Hz  but 

the  least  resistant  at  2  Hz. 

Figure  10.11  shows  a  significant  effect  of  stress  ratio  on  fatigue  crack  growth  rates  in  salt  water 
at  2  Hz.  The  range  in  crack  growth  rates  plotted  against  AK  covers  about  one  order  of  magnitude. 
Correcting  for  crack  closure  reduces  the  data  spread  to  a  factor  of  3-5  in  growth  rates.  There  are  knees 
in  the  da/dn  -  AK  plots  at  about  lO"®  m/cycle.  Below  the  knees  the  crack  growth  rates  fall  away  rapidly, 
indicating  threshold  AK  values  in  the  range  2.5  -  3.5  MPa  m.  Values  for  the  three  tempers  tested  at  R  ■ 
0.5  were  towards  the  low  end  of  this  range,  while  at  R  0.1  the  indicated  values  were  towards  the  high 
end.  7075-T65I  was  generally  the  least  resistant  temper  at  both  R  values. 

10. 5  Discussion  and  Conclusions 

Retrogression  and  reageing  of  7075-T651  alloy  results  in  significant  increases  in  resistance  to 
stress  corrosion  crack  growth  when  retrogression  is  continued  to  the  region  of  the  secondary  hardening 
peak.  For  the  particular  heat  treatments  used  in  this  investigation  the  retrogression  times  were  about  6-8 
minutes  at  493  K.  Plateau  stress  corrosion  crack  growth  rates  were  more  than  an  order  of  magnitude  lower 
chan  Chat  of  the  T651  material. 

In  argon  Che  fatigue  crack  growth  rates  in  SL  orientation  specimens  were  similar  for  all  three 

tempera.  However,  below  about  10  ^  m/cycle  there  were  indications  that  7075-T651  was  more  resistant  than 
7075-T6RRA  and  7075-T7351.  This  is  consistent  with  the  results  of  other  investigators  who  found  that  in 
Che  threshold  region  Che  fatigue  crack  growth  resistance  of  various  tempers  of  7C75  increases  in  going 
from  overaged  to  peak  aged  to  underaged  material.  These  other  studies  were  done  with  vacuum  (reference 
15),  laboratory  air  (references  14,  15)  and  moist  air  at  95  Z  lelative  humidity  (reference  13),  and  at 
relatively  high  frequencies  in  the  range  25-40  Hz. 

When  tests  were  done  in  salt  water  at  20  Hz  Che  ranking  of  the  tempers  remained  the  same.  At  the 
lowest  crack  growth  rates  the  T65i  (peak  aged)  material  still  appeared  to  be  more  resistant  to  fatigue 
crack  growth  chan  the  overaged  T7351  material  and  the  T6RRA  material.  In  this  respect  the  T6RRA  material 
behaves  more  like  an  overaged  material  chan  its  peak  aged  T651  equivalent.  Ac  higher  crack  growth  rates 
7075-T651  was  the  least  resistant  to  fatigue  crack  growth.  This  was  also  observed  by  Suresh  et  al. 
(reference  13)  for  tests  in  moist  air. 

For  fatigue  In  salt  water  at  2  Hz  Che  differences  in  crack  growth  rates  between  the  three  tempers  in 
Che  near  threshold  regime  were  much  less  chan  those  observed  for  fatigue  in  argon  or  salt  water  at  20  Hz. 
Also,  Che  ranking  of  the  tempers  changed.  7075-T651  was  Che  most  resistant  at  20  Hz  but  the  least 
resistant  at  2  Hz.  This  indicates  chat  the  T7351  and  T6RRA  materials  have  greater  resistance  to  corrosion 
fatigue  crack  growth. 

The  longer  test  durations  at  2  Hz  would  be  expected  to  result  in  a  greater  contribution  of  corrosion 
fatigue  crack  growth  Co  the  overall  crack  growth  process  than  at  20  Hz.  However,  this  was  observed  only 
for  higher  crack  growth  rates  and  higher  values  of  AK  and  AK^^^,  and  not  fo*.  the  lower  crack  growth  rates 

in  the  near  threshold  regime.  This  unusual  behaviour  was  not  caused  by  differences  in  crack  closure  and 
therefore  some  ocher  process  such  as  crack  tip  blunting  by  anodic  dissolution  may  be  responsible.  No  firm 
conclusions  on  this  can  be  reached  at  present,  and  Che  phenomenon  Is  under  Investigation. 
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PART  IV 

EVALUATION  OF  THE  CFCTP  AND  FACT  PROGRAMMES 


1.  INTRODUCTION 

In  this  final  Part  of  the  report  we  shall  endeavour  to  assess  the  total  effort  Involved  in  the  CFCTP 
and  FACT  programmes.  First  we  wish  to  thank  the  AGARD  Structures  and  Materials  Panel  (SMP)  for  enabling  the 
setting  up  of  an  internationally  coordinated  programme  on  corrosion  fatigue.  As  figure  1  shows,  this  was  a 
formidable  task  that  has  taken  more  than  a  decade  to  accomplish. 


2.  THE  CFCTP  CORE  PROGRAMME 

In  Parts  I  and  II  of  this  report  It  was  stateu  that  the  CFCTP  core  programme  consisted  of  round-robin 
testing  whose  primary  purpose  was  to  establish  whether  participants  could  obtain  confidence  in  une 
another's  fatigue  testing  capabilities,  especially  when  using  a  controlled  atmospheric  corrosion  environmeiir 
(salt  spray).  There  were  originally  eight  participants:  NADC,  University  of  Saskatciiewan,  VOL'GHT ,  AFWAl  , 
NLR,  DFVLR,  NDRE  and  RAE.  These  were  subsequently  Joined  by  two  more,  SIFFRL  and  the  University  of  Pisa. 

The  later  participants  obtained  results  significantly  different  from  the  rest.  This  was  .it  least 
partly  due  to  their  being  supplied  with  new  specimens  which,  because  they  had  to  be  rcdriiled  trom 
interference  to  press  fit  dimensions,  turned  out  to  have  significantly  inferior  fatigue  properties  comp-red 
to  the  first  batch.  The  difference*  are  regrettable  but  instructive.  They  show  how  Important  and  necessary 
it  was  to  do  the  CFCTP  core  programme  and,  as  first  Intended,  to  supply  participants  with  specimens  from 
one  batch. 

An  Innovative  combination  of  statistical  methods  was  used  to  analyse  the  CFCTP  core  programme  data, 
both  with  respect  tc  fatigue  lives  and  the  locations  of  primary  origins  oi  fatigue  initiation  and  Jrar-ture. 
A  detailed  evaluation,  described  in  Part  II  of  this  report,  demonstrated  Che  following: 

(1;  The  original  eight  participants  could  be  cv)nf  idem  in  one  another’s  environmental  fatigue  testing 
capabi  I  Ities.  Thus  the  primary  purpose  of  the  CFCTP  core  progr.irome  was  achieved. 

(2)  The  first  batch  of  CFCTP  core  programme  specimens  and  the  mechanical  and  envin’nrneiUal  testing 
conditions  were  highly  reproducible  except  for  the  way  specimens  were  originally  cleaned  and 
dried  after  pre-exposure  to  acidified  salt  water.  The  cleaning  and  drying  procedure  was  amended 
to  be  reproducible,  and  this  amended  procedure  was  stipulated  for  the  FACT  programme. 

(J)  Environmental  effects  on  fatigue  lives  were  significant  and  c<insisteri.  Most  Im.portantl)  it  was 
found  that  environmental  effects  were  greater  at  a  higher  stress  level.  This  is  the  ‘.opposite  "I 
what  many  literature  data  sh»*w.  This  discrepancy  is  explained  in  section  V.J.l  of  P.nic  II  -nul  is 
due  to  the  fact  chat  the  majority  «>f  specimens  used  in  euvironment.il  fjllgue  testing  a.-e  .simple 
coupons,  whereas  the  CFCTP  specimens  were  designed  to  be  realistic  representations  of  a  fatigue 
critical  structural  joint. 

It  is  therefore  concluded  that  realistic  specimens  are  necessary  t^r  correct  assessment  of 
env Irunnenta 1  fatigue  effects. 

(4)  Examination  of  failed  specimens  to  determine  tlie  lo«.ations  of  primary  fatigue  origins  proved  tc 
be  essential  for  utiderscanding  the  fatigue  behjvi<nir. 


3.  THE  FACT  SUPPLEMENTAL  PROGRAMME 

As  stated  in  Parc  III  of  this  report,  the  Intention  of  the  FACT  supplemental  proisramme  w.is  ti  all'^w 
individual  participants  Co  investigate  corrosion  fatigue  problems  <>l  particular  relevance  to  their  own 
Interests  and  yet  maintain  a  high  degree  of  comrooo.il  ity.  To  achieve  tnls  it  was  recommended  chat 

•  the  same  specimen  configuration  (1}  dogbone)  be  used  as  for  the  CFCTP  cv>re  programme 

•  mechanical  and  environmental  testing  c<*nditions  be  Identical 

•  efforts  be  made  to  obtain  materials  of  mutual  interest  from  one  he<Jt. 

An  overview  of  the  FACT  prograrome  i.s  given  in  figure  2.  There  were  ten  participants:  VOlChl',  ?AAB,  NAIK., 
AFVi'AL,  NDRE,  NLR,  LRTH,  lABO,  Ry\E  and  NRC.  Six  had  also  token  part  in  the  CFCTP  cu’re  programme,  namelv 
VOUCHT,  NADC,  AFWAL,  NDRE,  NLR  and  RAE.  Figure  2  shows  similarities  and  coromona 1 i t ies  in  the  Individual 
programnes.  Most  participants  tested  Ij  dogbane  specimen.s  under  nominallv  identical  mechanical  and 
environmental  conditions.  The  fatigue  loadings  were  constant  amplitude,  as  in  the  '"FCTP,  the  manoeuvre 
spectrum  FALSTAFF  (references  l-'i)  and  Che  gust  spectrum  MINITWIST  (reference  4).  Hie  environmental 
Conditions  generally  included  two  or  more  of  those  in  the  CFCTP.  Nct.ible  exceptions  were  in  the  SAAB  and 
NKC  programmes. 

The  main  interest  of  several  participants  was  to  compare  -  in  their  individual  programmes  -  the 
environmental  fatigue  properties  of  a  number  of  aluminium  alloys  in  various  toir.pors.  However,  owing  to  the 
calibratory  function  of  the  CFCTP  and  the  participants'  active  cooperation  in  obtaining  the  main- 
similarities  and  cocnmonal  it  ics  within  the  fA(;T  programme,  it  is  possible  to  make  inter-participant 
comparisons  of  materials,  protection  sys*’ems  ind  fasteners  as  well.  Fur  therm<'re ,  the  tv'tal  testing  elfort 
prc'vided  man;,  data  fur  com{>.«rlng  fatigue  eftects  under  cu'nstant  amplitude  and  FAISTAl'i  louliog,  the  l.itter 
being  a  re.ilistlc  cyclic  load  history  for  cacti0.1l  .ilrcraft. 
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For  detailed  analyses  of  the  results,  discussions  and  conclusions  of  the  individual  contributions  to 
Che  FACT  programme  we  refer  Che  reader  to  Part  III  of  this  report.  Here  we  shall  discuss  lnCer'*parclclp3nt 
comparisons  of  macerlals,  protection  systems  and  fasteners  in  section  3.1,  and  coaparls:)ns  of  environmental 
fatigue  effects  under  constant  amplitude  and  spectrum  loading  in  section  3.2. 

3.1  Inter-Parclclpant  Comparisons  of  Materials,  Protection  Systems  and  Fasteners 

The  possibilities  for  inter-participant  comparisons  of  materials,  protection  systems  and  fasteners  are 
summarised  in  table  I.  Comparisons  of  fatigue  lives  per  fatigue  testing  schedule,  load  history  and  stress 
level  are  made  in  figures  3-6  and  show  the  following: 

(1)  For  constant  amplitude  fatigue  at  a  higher  stress  level  (S  ^  210  MPa)  Che  fatigue  lives  of 
7075-T6  and  7075-T76  specimens  were  equivalent.  Fatigue  lives  were  not  significantly  prolonged  by 
the  use  of  interference  fit  fasteners,  a  flexible  primer  (Korcflex)  or  interfay  sealant. 

(2)  For  constant  amplitude  fatigue  at  a  lower  stress  level  MPa)  the  rankings  of 

materials,  protection  systems  and  fasteners  depend  on  environment,  except  Chat  7073-T6  specimens 
had  significantly  shorter  average  fatigue  lives  chan  the  rest. 

For  fatigue  in  air  the  fatigue  lives  of  7075-T6RRA,  7073-T76  and  7475-T76J  clad  specimens  were 
equivalent.  The  use  of  interference  fit  fasteners  (7075-T76)  and  interfay  (7475-1761  clad)  was 
beneficial  Co  fatigue  lives. 

For  pre-exposure  +  fatigue  in  salt  spray  the  7475-T761  clad  specimens  had  longer  average  fatigue 
lives;  7075-T6RRA,  7075-T76  and  2024-T3  Alclad  specimens  had  equivalent  fatigue  lives;  and 

7075-T6  specimens  had  shorter  average  fatigue  lives.  The  use  of  interference  fit  fasteners  and 
sealant  in  fastener  holes  (7075-T76)  was  not  beneficial.  However,  interfay  sealant  prolonged  the 
fatigue  lives  of  7475-T761  clad  specimens. 

(3)  For  FALSTAFF  fatigue  at  a  higher  stress  level  ■  289  MPa)  the  average  fatigue  live.s  of 

specimens  with  interfay  sealant  were  longer  (sealant  in  fastener  holes  was  most  probably  not 
beneficial).  The  relatively  good  performance  of  /U75-T6  specimens  is  noteworthy.  The  reason  for 
this  may  be  chat  a  high  yield  screngch  helps  to  p<'stpone  fatigue  crack  inltiati-jn  at  liigh  stress 
levels. 

i4)  For  FALSTAFF  fatigue  at  .«  lower  stress  level  *  238  MPa)  the  fatigue  lives  ••t'  most  spec  iincns 

were  equivalent.  The  average  fatigue  lives  of  707S-T6  specimens  with  die  NF-5  protection  systerr, 
were  shorter  than  the  rest,  including  7075-T6  specimens  with  the  MRCA  protecti»>n  system  and 
Iriterfay  sealant.  Since  these  7075-Th  specimens  were  from  the  same  batch  of  maceri.il,  it  may  ht- 
concluded  that  the  MRCA  protection  system  with  interfay  sealant  enabled  signif leant ly  longer 
fatigue  lives  than  the  NF-5  protection  .system.  However,  In  general  there  was  no  consistent 
benefit  from  using  an  interfay  sealant.  Mor  was  the  us»-  <>f  interference  fit  fasteners  or  sealiiu 
in  fa.stener  hole.s  beuefici.'d. 

It  Is  clear  from  the  foregoing  observations  that  there  are  no  overall  trend.s  with  respect  materi:)! 
and  protection  system  rankings.  Nevertheless,  significant  improvements  in  environmental  fatigue  resi.'ance 
are  obtainable  through  choice  of  improved  materials,  heat  trcMCtnonts  and  protection  syst— e.  In  p.i  r  c  u  c  1  \r , 
Che  use  of  an  interfay  sealant  can  be  recommended  because  it  is  sometimes  very  beneficial.  There  ar 
several  possible  reasons  for  this.  Inhibition  of  corrosion  and  fretting  can  postpone  fatigue  crack 
initiation  at  faying  surfaces.  And  Improved  load  transfer  (via  the  sealant)  c.m  reduce  the  stress 
concentrations  at  fastener  hole.s.  This  has  been  observed  in  preliminary  work  at  the  SI.K  using  a  SPATE  hUOl.’ 
chermoelastlc  stress  analysis  camera. 

Since  there  are  no  overall  trends  with  respect  to  materials  and  protection  sy.^^rems,  It  may  be 
.-oncluded  that  their  evaluation  requires  realistic  load  histories,  stress  level?,  and  environments,  ''his 
:onclusluij  adds  to  one  in  *  ctlon  2  concerning  the  CFCTP  core  programme,  namely  that  realist:,  specimen!, 
ace  necessary  for  correct  assessment  of  environmental  facigtie  effects. 

There  was,  however,  a-  overall  trend  with  respect  to  fastener  fit.  The  use  ol  interference  fit  Hi-Loks 
and  SLEEVbolts  instead  of  press  fit  Hl-Loks  v  '  not  beneficial  to  fatigue  lives.  A  simij.rr  re.sult  was 
obtained  in  Che  AGARP-coordinated  Fatigue  Rated  Fastener  Systems  programme  (reference  5)  for  specimens  will: 
moderate  to  high  values  of  secondary  bending  ratio  (SBR).  As  discussed  in  Appendix  I.  the  SBR  for 
IJ  dogbone  specimens  varies  from  0.2  for  press  fit  Hi-l,oks  to  0.4-0. 5  for  interference  fit  SLEEVbolts  and 
Hi-Loks.  Thus  it  Is  most  likely  that  any  potential  improvement  in  fatigue  life  from  using  interference  lit 
fasteners  wa.s  counteracted  by  an  Increase  tn  SIR. 

In  view  of  the  foregoing.  It  may  be  questioned  whether  the  Ij  dogbone  specimen  conf igurat ion  is 
.suitable  for  the  evaluation  of  different  fastener  systems.  Insofar  as  this  specimen  type  is  realistic  for 
certain  Cype.s  of  aircraft  structural  joints,  the  answer  Is  yes.  However  the  present  results,  f.e,  no 
significant  differences  In  fatigue  lives  lor  specimens  with  press  and  interference  fit  fasteners,  should 
not  be  extrapolated  to  other  types  of  joints,  particularly  those  with  low  secondary  bending  ratios. 

J.2  Inter-Participant  l-otnparisons  of  Environmental  Fatigue  Effects 

Inter-partlclpant  comparisons  of  environmental  fatigue  effert.s  under  constant  atrip  1  1  CuJe  and  manoeuvre 
spectrum  (FALSTAFF)  loading  at  different  stress  levels  are  shown  In  figure  7.  Environmental  effects  were 
greater  at  higher  stress  levels.  This  Is  the  same  trend  found  for  the  GFL'TP  core  programme  and,  as 
mentioned  in  section  2,  It  Is  the  opposite  of  what  one  would  expect  from  literature  data,  which  refer 
mostly  to  simple  coupon  specimens. 
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The  reason  for  this  discrepancy  is  as  follows  (see  also  section  4.2. i  of  Part  U  of  this  report). 
Higher  stress  levels  and  environmental  fatigue  testing  (pre-exposure  -f  fatigue  In  salt  spray)  promoted 
fatigue  Initiation  In  the  bores  and  at  bore/faying  surface  corners  of  the  fastener  holes  in  dogbone 
specimens.  On  the  other  hand,  lower  stress  levels  favoured  fatigue  Initiation  at  the  faying  surfaces.  It  Is 
most  likely  that  environmental  effects  will  be  greater  when  they  promote  characteristic  failure  modes.  This 
explains  why  Che  observed  environmental  effects  were  greater  -  on  Che  average  -  at  higher  stress  levels. 

As  before,  it  is  concluded  that  this  distinct  difference  In  environmental  fatigue  behaviour  between 
simple  coupons  and  Ij  dogbone  specimens,  which  were  designed  to  simulate  an  actual  joint,  shows  chat 
realistic  specimens  are  necessary  for  correct  assessment  of  environmental  fatigue  effects. 


4.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  main  objectives  of  the  CFCTP  and  FACT  programmes  were: 

•  assessment  of  the  effectiveness  of  state-of-the-art  protection  schemes  for  aluminium  alloys  with 
respect  to  corrosion  fatigue  and  corrosion  fatigue 

•  stimulation  of  the  development  of  new  protection  products,  procedures  and  techniques 

•  bringing  together  researchers  on  both  sides  of  the  Atlantic  In  a  common  testing  effort  that  would 
result  in  a  better  understanding  of  the  corrosion  fatigue  phenomenon  and  the  means  mitigating  it 
for  aerospace  alloys 

9  enabling  participating  laboratories  to  add  to  their  fatigue  testing  capabilities  by  using  a 
controlled  atmospheric  corrosion  environment. 

This  report  demonstrates  that  the  first,  third  and  fourth  objectives  have  been  achieved.  It  also  provides 
many  data  on  a  broad,  international  basis  for  achieving  the  second  objective. 

Much  remains  to  be  done  to  increase  the  understanding  of  aircraft  corrosion  fatigue  and  the 
effectiveness  of  protection  systems.  The  incentive  Is  present  in  the  FACT  programme  results;  significant 
improvements  in  corrosion  fatigue  resistance  are  obtainable. 

The  degree  of  improvement  depends  on  specimen  configuration,  fatigue  load  history,  stress  level  and 
environment.  It  is  therefore  essential  to  evaluate  potential  Improvements  in  materials,  protection  systems 
and  fasteners  by  testing  realistic  specimens  under  representative  fatigue  load  histories  with  environments 
simulating  mission  service  conditions  as  closely  as  possible. 
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Fig.  6  Inter-particlpant  comparisons  of  FACT  manoeuvre  spectrum  (FALSTAFF)  fatigue  lives  at  a  lower  stress 
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APPENDIX  I 


LOAD  TRANSFER  AND  SECONDARY  BENDING  IN  THE  14  OOGBONE  SPECIMEN 


1 .  INTRODUCTION 

This  Appendix  describes  the  load  transfer  and  secondary  bending  characteristics  of  IJ  dogbone 
specimens  similar  to  chose  used  in  the  CFCTP  core  programme  and  recommended  for  the  FACT  supplemental 
programme.  The  CFCTP  and  FACT  specimen  configuration  Is  Illustrated  in  figure  1.  The  specimen  configuration 
was  designed  to  simulate  the  load  transfer  and  secondary  bending  characteristics  of  runouts  of  stiffeners 
attached  to  the  outer  skin  of  an  airframe  structure.  The  design  goals  were  a  load  transfer  of  40  2  and 
secondary  bending  ratio  of  0.5  (reference  1).  These  parameters  are  defined  in  figure  2. 

The  NLR  and  the  University  of  Pisa  conducted  a  programme  to  determine  the  actual  values  of  load 
transfer  (LT)  and  secondary  bending  ratio  (SBR>  in  Ij  dogbone  specimens  (references  2,3).  This  programme 
was  based  on  specimen  requirements  for  the  AGARD-coordlnated  Fatigue  Rated  Fastener  Systems  (FRFS) 
programme  (reference  2).  The  specimen  configuration  was  idenilcal  co  th'**’  in  figure  1  except  for  the 
aluminium  alloy  sheet  thickness  and  fastener  fit,  as  follows: 


1 

CFCTP  AND  FACT 

LT  AND  SBR  PROGRAMME 

ALUMINIUM  ALLOY 
SHEET  THICKNESS  | 

3 . 2  mm 

5  mm 

FASTENER  TYPE 

Hl-Lok 

Hl-Lok  1 

1 

Hl-Tlgue 

NOMINJlL  fit 

OF  FASTENERS  *  | 

slight  press  :  -  0.019 
interference  :  -  0.077 

clearance  :  f  0.020  ' 

interference  :  -  0.025 

interference  ;  -  0.070 

*  Dimensions  in  millimetres.  +  •"  clearance,  -  «  interference. 


Despite  the  differences  in  specimen  configuration  the  results  of  the  load  transfer  and  secondary 
bending  ratio  programme  are  relevant  co  Che  behaviour  of  the  1|  dogbone  specimens  used  in  the  CFCTP  and 
FACT  programmes. 


2.  OVERVIEW  OF  THE  LOAD  TRANSFER  AND  SECONDARY  BENDING  RATIO  PROGRAMME 

An  overview  of  the  load  transfer  and  secondary  bending  ratio  (LT  and  SBR)  programme  is  given  in  table 
1.  The  number,  positions  and  dimensions  of  the  strain  gauges  on  the  fatigue  specimen  •]  are  important.  A 
detailed  discussion  of  these  aspects  is  given  in  reference  (2).  An  example  of  strain  gaugeing  the  fatigue 
specimen  is  given  in  figure  3a.  The  strain  gauges  and  wire  leads  at  the  faying  surface  were  accommodated 
by  shallow  recesses  milled  in  Che  half  plate  ~2,  figure  3b. 

The  strain  gauges  were  bonded  to  the  fatigue  specimens  after  priming  and  before  assembly  into 
14  dogbones.  Assembly  was  done  using  the  appropriate  fasteners  and  with  polysulphide  sealant  at  the  faying 
surfaces  and  in  Che  fastener  holes. 

The  specimens  were  fatigue  cycled  under  constant  amplitude  loading  with  maximum  stress  «>  250  MPa 

and  a  stress  ratio  R  •  S  .  /S  of  0.  Fatigue  cycling  was  Interrupted  at  fixed  intervals,  e.g.  cycles  1, 
min  max 

5,  100,  1000,  5000  and  10,000,  in  order  to  measure  strains  in  a  ‘'static'*  loading  test  with  S  •  250  MPa 

and  S  ,  •  -  67  MPa. 

min 

3.  RESULTS 

The  results  of  the  LT  and  SBR  programme  are  compiled  in  references  (2,3).  Figure  4  presents 
characteristic  values  of  load  transfer  and  secondary  bending  ratio  at  S  »  250  MPa.  The  following  trends 
can  be  observed: 

(1)  Load  transfer  Is  almost  independent  of  fastener  fit,  with  a  typical  value  of  27  Z.  This  is 
lover  than  the  design  goal  of  40  Z. 

(2)  Secondary  bending  ratio  depends  strongly  on  fastener  fit,  reaching  a  maximum  of  about  0.47  for 
an  interference  fit  of  -  0.070  mm.  Again  the  values  are  lower  than  the  design  goal  of  0.5. 


4.  ESTIMATION  OF  LOAD  TRANSFER  AND  SECONDARY  BENDING  RATIO  IN  THE  CFCTP  AND  FACT  SPECIMENS 

Most  14  dogbone  specimens  for  the  CFCTP  and  FACT  programmes  were  assembled  using  Hi-Loks  and  a 
slight  press  fit  resulting  in  a  nominal  interference  of  -  0.019  mm.  The  NAOC,  AFWAL  and  RAE  contributions 
to  the  FACT  programme  also  Included  specimens  with  higher  Interference  fit  fasteners,  see  sections  4,  5  and 
9  of  Part  III  of  this  report.  Estimates  of  the  load  transfer  and  secondary  bending  characteristics  of  the 
three  specimen  types  have  been  made  using  the  LT  and  SBR  programme  data,  specifically  the  correlations 
between  fastener  fit,  load  transfer  and  secondary  bending  ratio.  These  estimates  are  as  follows: 


250  MPa 


W 


T 


s 
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NOMIfl/J.  FIT  OF  - 

FASTENERS  *  LOAD 

TRANSFER 


max 


SECONDARY  BENDING 
RATIO 


CFCTP  AND  FACT  PROGRAMMES 


NADC  AND  RAE  CONTRIBUTIONS  TO  FACT 


AFWAL  CONTRIBUTION  TO  FACT 


Hl-Lok 


Hl-Lok 


SLEEVbolt 


slight  press  :  -  0.019 
interference  :  -  0.077 


Interference  ;  -  O.064 


24  Z 


30  Z 


29  Z 


0.20 


0.51 


0.44 


*  Dimensions  in  millimetres.  -  ^  interference. 


5.  REFERENCES 

1.  D.  Schutz  and  J.J  Ge^harz,  "Schwlnefestigkeic  von  Fugungen  mit  Sonderbefestlgungselementen", 
Fraunhof er-Instltut  fur  Betri^^bsf estigkeit  Techniache  Mltteilungen  TM  69/73,  1973. 

2.  H.H.  van  der  Linden,  "Fatigue  rated  fastener  systems",  AGARD  Report  No.  721,  November  1985. 

3.  H.H.  van  der  Linden,  L.  Lazzeri  and  A.  Lanciotti,  "Fatigue  raced  fastener  systems  in  dogbone 
specimens",  NLR  Technical  Report  TR  86082  U,  August  1986. 


[ 

I 


TABLE  1 :  OVERVIEW  OF  THE  LOAD  TRANSFER  AND  SECONDARY  BENDING  RATIO  PROGRAMME 


4f*JL 


0  5  ma  thick  7073*T76  aluminiua  alloy  sneet 


CLEARANCE  OR  (NTERFERENCE  FIT 
Hi  LakiOfi  H.'-Tijuei 


FASTENER  HOLE  QUALITY  •  Reamed  with  or  without  prior  cold  work 


PROTECTION  SYSTEM 


SPECIMEN 

INSTRUMENTATION 


Chromate  containing  epoxy  primer  +  polysulphide  sealant  in  fastener 
holes  and  at  interfays 


e  Strain  gauges  on  fatigue  specimen 


LOADING  CONDITIONS 


Constant  amplitude  fatigue  cycling  with  Intermittent  measurements 
of  strains 


NUMBER  OF 
STRAIN  GAUGES 
PER  SPECIMEN 


TEST  PROGRAMME 


FASTENER 

HOLE 

QUALITY 


jcold  worked 


cold  worked 


Hi.-Tigue  Hi-Tigue 


FASTENER 

FIT 


low  high  high 

interference  interference  interference 


1)  fATIGUeSPECIMeN 


-4-’ 

66.0 

2!  HALFPLATE 


3i  SPACER 


SECTION  C-C 


ALL  DIMENSIONS  IN  mm  I 


NOTES 

(1) 


(2) 

(31 


HOLE  DIAMETERS  6.3Q6  ta.044  mm  FOR  CORE  PROGRAMME  SPECIMENS  (SLIGHT  PRESS  FIT). 

HOLE  DIAMETERS  8.248  ±  0.D127  mm  (INTERFERENCE  FITI  OR  8.308  1 0.044  mm  (SLIGHT  PRESS  Flfl 

ALL  HOLES  MARKED  THUS  "  A ''  ARE  mm  DIAMETER. 

SPECIAL  TOLERANCE  INDICATIONS  ARE  25.0  =  2S  4  0.05 
25.6*  25*0  1 
25.9=  25*0.2 


FOR  SUPPLEMENT.^L  TESTING  SPECIMENS. 


Fig.  1  The  CFCTP  core  prograaae  tnd  reconaended  FACT  suppleaental  prograaae  spectaen 
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Fig.  2  Definition  of  load  transfer  and  secondary  bending  for  the  ij  dogbone  specimen 


12  13  15  t6  re  19  2r 


Fig.  3  Example  of  strain  gaugeing  a  l)  dogbone  specimen  for  measurement  of  load  transfer 
and  secondary  bending  ratio 
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Fig.  4  Load  transfer  and  secondary  bending  cbaracterietlce  of  li  dogbone  epeclaens  at  S 
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AI'J'hNDIX  JI 


STAlISilLAI.  StTHOPS 


The  idtiiiCicai  nvlh-ds  used  ti'  ar.jlvsf  the  <  H'TP  ..re  J)r..j4i  •itnir.e  dud  FACT  supp  ’  i  nei)  t  J 1  pi  .'mr-iiTtre 
.'■acrihed  lu  this  AppeDdin.  it  it.  :aiiiiciei:i  i..  reter  t*-  the  procedure  useej  fi’r  trie  CTC.!' 
.,r.icifn«  s?.’;ce  the  roeth.da  were  die  s.ime,  altlKu^h  the  ari  unt  af  stat  :  at  ica  1  anaKsis  tor  the 
gramme  v>.ried  acc.'rJin^  t.'  tact;  par  i  ic  i  pant  '  ^  cnnc  r  ibut  i.Mi, 

A  aurvev  ot  the  statistic  il  tDettu'J>'  ;>•”!  procedure  tor  oii.ilysinK  the  Ci'CTP  core  pr<p  ramme  fritipue 
priitary  rati^ue  .o  ista  data  it.  >;iven  ir.  figure  I.  Tiie  latigue  life  aat.i  were  iirsC  checked 
ralil\  .md  iu*ir..>)<t  oe  i  t  -  ol  vari.iu.es  v  ^pprox  it.:ate  compliance  with  these  condition..;  is  sui'firiepc) 
re.p;i-.tre  to  tnrtlivr  lieaimenl.  i'iu  mail;  aujlysis  wot.  multiple  factor  analysis  of  variance.  Thi. 
lowed  hy  ’’fir-t  tunin,c"  the  'tat.!  s  I  j  can  t  difference  test  or  I'uncar's  new  n:ultiple  i.ifiie 

aVv  id  p.'N'.ible  it.e  U-asi  •  i  .-.n ;  t  leant  ilitierence  test  was  applied  only  when  analysis  ot  var 

icited  s'.  *^n  i  I  ica’!  t  i-itects,  Iiuncar.'s  new  multiple  r.in^e  te.st  ca.'i  be  u.sed  whether  or  not  anal^si 
i.iu^e  M'dicatts  s  imii  t  ic.»i;t  ettect?..  However,  because  the  least  sigiiilicant  difference  test  , 
irriii  it  w.i.i  de\  >d»-'l  to  u;.,-  huican’s  itsi  only  when  ..nalysis  ot  variance  did  not  indicate  signif 
;uts.  !?:  ..dditi  r.  the  Tips  r.  ..u.t  .Stieth  rivcliod  was  used  to  check  for  adequate  .’aniplc  size  bist 
[tel  in  the  Jatle-ie  llle  data. 

'.he  prir-ary  fatiiiue  -iiwio  t-.t.  were  an.ily>ed  using  the  test  >•:  iiidepender-' ,  Yates'  correiii 
:  >r  rinher's  exaCt  test,  wliivi.ever  was  ippropri  ate .  For  these  tests  it  is  softicient  to  asstime 
t  tile  d-ji.i  i.r.stitute  a  random  s.mjle.  fhes*?  tests  were  also  used  (as  appr\»pr late ;  to  check  wh 
r«.  '«■<  re  ^  i  »,;i  1 1  j  c  .mt  c.'rtv'.  .ii\.ns  between  t.itjgue  live.s  and  primary  fatigue  origins  for  each  of  the  < 
'ii..;tiins  ol  r.itigiie  .tress  levei.s  ard  testing  sct.edules,  which  are  gi-.^cn  h.ere  for  reference: 


F.  '.Os-  FKOiiKAvytK  rATHAt.  'ihsTlNf,  FCHFDLT.KS 


-  -p- 


(.5)  Clioose  <<  bigniticance  ievei  a  (e.g.  5  2,  1  *). 


i,b)  Dtitermine  the  solutiuit  c  i.f  the  equation  P  (x*  i  c)  ®  1~‘S  from  the  jpproprvite  value  of  x*  io  the 
cable  of  the  distribution  (Included  in  most  scandard  texts  «>n  statistics).  The  appr-ptiate 
value  of  X*  ia  listed  under  tlie  chosen  value  of  u  and  for 

•  K-1  degrees  of  freedom,  if  all  parameters  of  K(>:)  are  known 

•  K-r-l  degrees  of  freedom  tf  r  paranrters  of  F(x)  are  unknown  and  their  Djaximum  likelihood 
esciudtes  are  ui;cd> 

(7)  If  “  t-'*  not  reject  the  hypothesis.  If  x^  >  c,  releit  cite  hypotheHis. 
o  o 

An  example  using  OFCTP  core  prograimne  data  is  given  in  table  2.  This  shows  chat  the  data  ap[rcxlmace 
to  d  log-nonaal  distribution  and  may  be  treated  in  the  same  way  as  random  variables  in  a  normal 
distribution  provided  that  the  logarithm  of  e.^ch  datum  is  used. 


3.  TESTING  FOR  HOHOGKNEiTY  OF  VARIANCES 


There  are  several  methods  of  testing  for  homogeneity  of  variances.  For  the  CFCTP  core  pr./gramme  two 
tests  were  used,  both  ot  which  are  discussed  in  reference  (4): 


(1)  Bartlett's  test,  which  is  used  when  the  sample  size  is  large. 

1,21  Box's  test,  which  is  a  modified  I’erslon  ol  Bartlett's  test  and  used  when  the  number  of  degrees  of 
freedom  of  any  sample  variance  Is  less  than  4. 

The  obiective  of  tb>se  tests  is  to  check  the  hypothesis  that  the  variances  o’  of  k  popnl.it  lors  are 
equal.  This  Is  done  by  estlnr.ting  the  variances  s'  for  each  of  the  k  samples  ard  followiiig  the 
computational  procedures  outlined  in  table  3,  which  is  almost  sel f-explanatory .  The  two  tests  are  quire 
The  statistic  used  in  Bartlett's  test  is 


K 

l+L 


with  u  degrees  of  freedom 


with  V  and  “  degrees  of  freedom. 


Box's  test  (.'fringes  the 


Jenofflinafor  of  chc  sc./t  :st  ic  F  a.s  fallows; 

o 


K/^ 

J 

F  »  : -  with  ■-  acid  u  degrees  ot  freedom. 

o  o/u  »  2 


Ntif  that  fur  large  samples  Bartlett’s  test  and  Box's  test  arc  consistent  with  each  octier. 

The  calculated  values  and  F  are  compared  with  appropriate  values  of  x'^  and  !•'  in  tables  of  the  x‘ 
o  o 

.Jiid  F  <H  str  Ih'it  ion  (included  in  most  standard  texts  sn  statistics).  The  appropriate  values  uf  x‘  F  are 

listed  under  die  chosen  signiticance  level  a  and  fur  '  and  u  ,  j  degrees  of  freedom  respec t ’ vel v .  If 

I  i  a  ' 

and  are  less  chan  -r  equal  to  the  respective  and  F  values,  die  hypothesis  that  the  variances  of 
Che  k  popiilatioi.s  are  equal  is  not  re;ected.  If  and  are  greucer  th.i:  the  respective  .ind  K  Vvdues, 
cne  hvpothesis  is  rejected. 

f.xdnples  of  the  ise  of  Bartieic’s  te;.t  and  Box's  cost  for  che  Cff'TP  core  pr.igramine  data  are  given  in 

i. iblc  4.  The  ]  I  v./i-i  L  hia.s  or  the  fatigue  lives  wure  used  for  all  calculations  since  both  rests  a.ssume 

ii. ^rin.i  I  i  ty  . 


ANALYSIS  uF  VAKL.hC  i. 

An.ilv-its  ol  viriiiue  a  statlstic.il  technique  for  conparlng  throe  or  more  sets  ot  experimental  data 
Cl  Lctermino  the  effect  i»J  v.irious  l.jctois  (experimental  variables)  "n  snme  character  is  C  i  c  of  a  product  or 
^peciiicn.  Tfie  anal/S's;  is  based  on  separating  the  total  Variation  prcierC  in  the  data  sets  inti'  parts,  each 
Ilf  which  measures  v.iriahility  .it  t  r  ibutab;  e  to  a  speci'ic  source. 

!Tirte-wdy  aiulysis  of  variance  was  used  ft»r  Che  ('FCi'F  core  pri -gT.imme .  In  a  three-way  analysis  of 
.•iriance,  whicli  evaluates  the  simultaneous  elfects  of  thre«»  factors,  ti.e  sources  of  variation  ire 
varlac.-.:ir  due  Co  eacl.  main  latl>r,  interacting  fjetor;;,  and  residual  (exper  imi-rtal)  errir.  The  part:;  of 
t!,e  -..»ria/tce  .If  an.ilv.'.tif  i  fienre  the  r-.une:  .inalysis  of  variarue)  tor  s  tgn  if  i  c.int  differences  between  the 
uat-i  b,  comparing  thc-ir  me.j:j'i.  Thus  the  hypothesis  tested  Is  that  the  means  i>f  k  popul.it  Ions  Irom 

.'liich  k  s.iirples  are  ubl.ijred  are  equal. 


The  procedure  for  testinp  this  hypothesis  is  illustrated  schemat  Ic.' 1  ly  in  table  5  fi>r  a  fairly  simple 
chrei-  lactor  exporimeiic.  The  three  main  factors  are  assigned  to  c«^lumns  (c),  rows  (r)  and  groups  <g).  In 
ctie  c>.niputd  t  ions  tlie  siiins  of  Che  squares  and  mean  squares  are  determined  for  each  main  factor,  the  twi>-way 
interactions,  the  chree-way  interaction  and  the  residual  error  term.  The  ratio  ot  each  mean  square  to  the 
residual  Jueuri  square  provides  values  of  tite  statistic  F  ,  which  is  then  compared  with  appropriate  K  values 

irur.  the  F  distribution  table.  When  F  Is  greater  than  F  the  influence  of  a  factor  or  combination  of 

o 

tjctors  on  the  data  is  considered  significant.  When  F  is  less  than  or  equal  to  F  any  differences  in  means 
are  indicated  to  be  due  C>.'  chance  or  experiment.!  error  only. 

Certain  assumptions  are  necessary  when  analysis  variance  is  used.  These  are; 

(1)  The  tUiCa  represent  random  samples  frooi  normally  distributed  populations. 

The  variances  t'f  these  populations  are  equal. 

F.iilure  to  meet  these  assumptions  may  affect  the  validity  of  the  analysis.  However,  the  F  distribution  is 
very  robust,  i.e.  ‘'forgiving",  with  respect  to  violation  of  the  assumptions,  so  that  moderate  violations 
>huuld  not  .iftoct  the  outcome  of  the  analysis.  For  the  CFCTP  core  programme  the  data  were  found  to  be 
log-iKiruiul  or  to  approximate  log-normal  distributions,  and  there  were  only  a  few  si  ight-Cti-moderate 
vio I  a t ions  of  tiie  criteria  for  homogeneity  of  variances  (see  sections  3.2.1  and  3.2.2  ut  Part  II  of  this 
report}.  These  resoles  were  considered  sufficient  for  conclnuinp  the  statistical  treatment  of  the  fatigue 
life  Udta  provided  that  tite  logarithms  of  che  fatigue  lives  were  used. 

Table  h  gives  a  schematic  of  the  three-way  analysis  of  variance  for  the  CFCTP  core  programme.  The 
inp'it  datu  are  much  more  extensive  chan  the  schematic  three  factor  experiment  plan  in  cable  5.  This  is  why 
the  analysis  was  done  using  a  computer  program  called  "ASOVA",  which  is  part  of  the  well-known  .Statist: -al 
Package  for  Che  Social  Sciences  (reference  5). 


3.  "FiNfc  IfSl.SG"  WITH  THE  LEAST  SIGNIFICANT  UIFFKKENCF.  TFST 

isi,  .shown  in  figure  I,  sigtuiicanc  effects  indicated  l-y  analysis  of  variance  v'te  investigated  Iti  more 
detail  ("fine  tuning")  using  the  least  significant  difference  test  (references  b,7).  From  table  b  the 
.significant  effects  indicated  by  .malysls  of  variance  were 

•  laboratory 

•  stress 

•  environment 

•  stress:  environment. 

However,  it  was  not  necessary  to  analyse  the  effect  of  stress  level  in  more  detail.  Since  there  were  only 
two  stress  levels  it  is  obvious  chat  the  significant  difference  is  between  them. 

The  Ic.ist  significant  ditference  test  locates  the  source  or  sources  oi  the  significant  difference  in 
the  d.'ita.  This  is  done  by  comparing  all  pos.slble  comhlnat ion.s  of  two  means  in  the  k  samples  in  order  to 
determine  which  of  the  Jk  (k-l)  comparisons  are  significant  and  which  are  not.  The  test  is  based  on  the 
statl.stlc  t.  which  can  be  expressed  as 


where  x.  .md  x,  are  the  means  of  two  samples  of  sires  n.  and  n,  respectively,  and  MS  ,,  ,  Is  the 

V  j  ^  f  j  residual 

residual  mean  square  «>btained  from  analysis  of  v.iriance  (see  table  5).  The  procedijr.’  for  the  least 
significant  difference  test  is  given  in  table  7  for  the  usual  case  of  equal  sample  sizes  and  in  modified 
form  for  unequal  s.jmple  sizes.  ITibulated  values  of  the  i  distribution  (or  various  significance  levels  and 
degrees  of  freedom  are  included  in  most  standard  texts  on  statistics.  The  criteria  for  IndicMtlon  of  a 
Higniflcant  difference  bet-."’eii  tw.)  means  are 

1  X ,  -  X ,  !  >  ;  SI) 

i  J  '  Ci 

or 


i-.x.imp  1  e  s  of  the  use  of  t)ie  le.asi  nignlficant  diflerence  test  to  loc.ale  the  sovircc  or  sources  of  a 
.s  igi'i  I  >  ^  -  ant  eltect  indic.iCed  by  analysts  of  variance  .ire  given  in  t.ible  fi.  Note  that  omissltm  c’f  d.Tta  for 
reassembled  specimens  resulted  not  i>iilv  In  uoequ.il  s.jmple  sizes,  but  als<i  changed  the  values  of  MS 

•jud  ,  obtained  ji.im  an.ilvsis  of  v.irlante.  In  other  words,  c>ne  cannot  slmplv  omit  data  In  the  "fine 

residual  ' 

tuning"  st.’ge.  A  complete  re.inalysis  of  variance  h.is  i.*  be  dtme  .is  well. 


6.  "FINE  TUNING"  WITH  DUNCAN'S  NEW  MULTIPLE  RANGE  TEST 

As  shown  ill  figure  I,  Duncan's  new  multiple  range  test  (references  8,9)  was  used  tu  invest  ig-ite  in 
more  detail  the  experimental  variables,  or  their  interactions,  chat  were  not  lound  to  be  significant  by 
analysis  of  variance.  From  table  b  these  are 

•  laboratory:  stress 


•  laboratory:  environment 


•  laboratory:  stress:  environment. 

However,  it  should  be  noted  that  Duncan’s  test  can  be  used  whctlier  or  not  the  analysis  of  variance 
indicates  a  significant  effect.  Like  the  least  significant  difference  test,  Duncan's  new  trm’.ciple  range 
test  locates  the  source  or  sources  of  the  significant  difference  in  the  data  by  comparing  all  possible 
combinations  of  two  muans  in  the  k  samples  in  order  to  determine  whicl;  of  the  ik  (k-l)  comparisons  are 
significant  and  which  are  not.  The  test  is  based  on  the  range  of  the  k  mean.-i,  i.e.  the  difference  between 
the  smallest  and  largest  means  of  the  samples  involved  In  a  comparison.  The  difference  between  any  two 
ranked  means  is  significant  if  it  exceeds  a  shortest  significant  range  (SSR). 

The  procedure  for  Duncan's  test  is  best  ilJu.strated  using  actua^  examples  from  the  LFCTP  tore 
programme.  Table  9  gives  an  example  fur  the  usual  case  of  equal  sample  sizes.  As  shown  in  the  table,  the 
procedure  consists  of  the  following  steps: 

(1)  Rank  the  means  and  calculate  the  standard  error  uf  the  mean  s-  from  the  residual  mean  square 

MS  , ,  ,  (obtained  from  analvsis  oJ  variance)  and  the  sample  size  n. 

residual 

(2)  Choose  a  significance  level  u  and  determine  tiie  significant  .studentized  ranges  ?  ’.or  appropriote 

values  of  p,  the  number  of  meJ«>s  involved  in  a  comparison,  and  degrees  of  frec-dotr.. 

Tables  of  z  values  are  available  e.g.  in  references  (8,9). 

(3)  Calculate  the  shortest  significant  ranges  SSk  from  the  products  i.>t  sp  and  the  appropriate  z 
values . 

(c;  Test  the  differences  between  means  in  the  following  order:  largest  minus  the  smallest,  largest 

minus  the  second  smallest,  and  so  on,  ending  with  the  second  smallest  minus  the  smallest.  With 
one  exception  each  ditierence  is  declared  significant  i:  it  exceeds  the  corresponding 
otherwise  if  is  declared  'mslauH  j'be  exception  is  that  no  diiference  between  two  means  can 

be  declared  significant  if  they  ore  both  contained  in  a  sub-set  of  means  wliLch  has  ,, 
non-.s  tgnii  leant  range.  Thus  as  soon  as  a  non-s  igti  I  f  icant  diiterence  betv'een  two  moans  found, 
the  remaining  differences  between  these  luc.ans  and  all  the  intervening  ones  arc  insignificant  and 
need  not  be  tested  against  the  SSR.  However,  this  testing  is  shown  for  completeness  in  cable  9. 


Table  lU  gives  ati  example  of  Duncan's  test  tor  unequal  sample  sizes.  The  procedure  Is  much  thiC  same 


CWv' 


for  equal  sample  sizes  except  cnat  s  ° 

hn  .n  ^ 

means  x  and  x  is  multiplied  by/ — ^  ,  where  n. 

L  j  ‘Vn.+n.  i 

^  j  j 

it  bhouM  be  noted  th.nt  omission  of  data  for  reassembled  specimens  resulted  not 


is  used  instead  oJ  s-  ana  the  difference  between 
the  s.impie  sizes  for  each  mean.  As 


and  ire 


mentioned  in  section  3. 
only  in  unequal  sample  sizes, 
analysis  of  variance. 


but  als<'  changed  the  values  of  MS 


residual 


and 


'residual 


obt.i  ined  t  rom 


/  .  LIPSON  AND  SHETH  METHOD  FOR  ADEQUATE  SAMPI.E  SIZE 

Scatter  in  the  CFCTP  core  programme  fatigue  life  data  w.as  used  to  check  lor  <»deqi.acv  of  sample  si;*e 
(four  specimens  per  test  condition  per  participant).  The  method  used  is  due  to  f.ipHon  and  nboth  (refcTence 
10)  and  involves  selecting  an  acceptable  error  luvei,  usually  !>  T  nod  10  ",  and  tindiHi,;  the  required  simple 
size  for  a  particular  confidence  level.  The  sample  size  check  h.ns  two  purpi  ses: 

(I)  To  find  the  combln.it  ion  cf  error  and  confidence  levels  tor  which  the  .actual  sample  size  was 
sufficient. 

(1)  To  give  an  indication  ot  difierences  in  data  scatter  i-etween  p.i  rt  i  c  i  par  t  s  .ird  fatigue  te.sr 
cond i t ions. 

Table  li  illustrates  the  Mpson  arid  ShetL  rier)a>d  by  u.slng  an  actn.il  ixample  from  the  tbUTP  i.  'te 
programme.  The  table  is  largely  self-explanatory.  On  the  basis  o|  a  lov  normal  d  i  st r  ibut i np  tor  the 

population  tlie  percent  coefticient  of  variation  ~  is  ca  I  ctil.il  ed .  An  err*'r  ,cvel  is  selected  -ird  the  percent 

error  divided  by  the  percent  coefficient  of  variation  is  used  to  gr  aph :  c.i  11  y  determine  the  nearest  inte.-cr 
sample  .size  for  n  given  confidence  level.  The  curves  in  the  gr.iph  .;rv  derived  ir-'ir?  the  t  d :  s  t  r  i  bn  t  i  on 
according  to  the  following  expression: 


_ Z  ERROR _ 

Z  COEFFICIENT  OF  VARIATION 


where  i3  is  tlie  slgnif  lc.ince  level  and  n  and  j  are  the  .appropriate  H.impU-  sizesi  and  degrees 
(■j  -  n-1 ) . 


,ii  l  r»M-dom 


To  Indicate  differences  in  data  scatter  the  required  sample  sizes  ft-r  a  given  ronhinatlon  ol  error  .nul 
confidence  levels  were  determined  tor  the  complete  set  .-f  {.'ECTP  core  programme  J.itlgue  life  d.^ta,  .is  sh -vn 
in  table  W.  The  shade'*  regions  denote  exceed.mce  *>1  the  actu.i'.  ‘.^mple  si/e,  and  larger  requtreu  s.implf 
size  reflects  greater  scatter  In  the  data. 


s. 


THST  OF  INDEPENJ'ENCE,  YATES'  CORRECTED  TEST  AND  FISHER'S  EXACT  TEST 


As  raenciontd  in  che  introduction  to  this  Appendix  and  shown  in  ii^ure  1,  the  test  (T  independence, 
Yates'  corrected  test  or  Fisher's  exact  test  were  used,  as  appropriate,  to  analvi.e  the  primary  *aci|^uc 
origin  data  with  respect  to  the  inlriuence  of  stress  level  and  environment.  Ir  .-ddition,  these  tests  were 
used  (as  appropriate)  to  check  whether  there  were  significant  correlations  between  latigue  lives  ano 
locations  of  pritnary  fatigue  origins  for  eacli  of  che  eight  cooibinatioiis  of  fatigue  stress  levels  and 
testing  schedules. 

8.1  Test  of  Independence 

The  test  of  independence  (reference  1/  involves  testing  the  hypothesis  that  two  variables  or 
characteristics  of  a  sample  arc  independent  of  each  other.  Data  for  this  test  are  arranged  In  a  table  which 
shows  one  characteristic  and  its  r  categories  down  the  left  side  cf  the  table,  ana  che  ocher  characteristic 
and  its  c  categories  across  che  top.  Thir  cable  is  known  as  a  contingency  table.  It  has  r  rows  and 
c  columns  Chat  form  cells  in  che  body  of  che  cable.  Each  cell  contains  the  number  of  .sample  nemoers 
observed  to  l»ave  each  particular  combination  of  the  characteristics  being  examined. 

8.1.1  Analysis  of  primary  fatigue  origin  data 

Construction  of  a  contingency  cable  and  the  procedure  for  the  test  to  analyse  the  primary  fatigue 
origin  data  with  respect  to  stress  level  and  environment  will  be  illustrated  using  cable  13,  which  gives  an 
example  from  the  CFCTF  core  programme.  The  test  compares  che  observed  frequencies  of  occurrence  f  in  each 
cell  with  die  cheoret icaily  expected  frequency  if  che  hypothesis  of  independence  is  true.  The'^expected 
frequency  lor  a  cell  is  obtained  from  the  product  of  che  total  of  che  row  and  total  of  che  column  in  which 
the  cell  appears,  divided  by  che  total  number  of  observations.  The  sum  of  thv  expected  frequencies  should 
equal  the  total  number  of  observations. 

Application  of  the  x*  test  is  reliable  only  if  every  expected  frequency  is  at  least  five.  If  this 
requirement  is  not  satisfied  the  results  of  two  or  more  categories  must  be  combined  to  raise  the  expected 
frequency  to  che  necessary  level.  The  initial  contingency  table  in  table  13  dees  not  contain  enough  B/N, 
C/0  and  D/P  primacy  fatigue  origins  Co  give  expected  frequencies  of  five  in  each  cell.  Therefore  the  B/N, 
C/0  and  D/P  categories  were  combined  with  the  E/Q  category  in  a  modified  contingency  cable. 

The  procedure  Is  then  as  follows: 


(1)  Compute  che  deviation  X^ 


(2)  Choose  a  significance  level  o  (e.g.  3  Z,  \  Z) . 


(3)  Determine  the  solution  c  of  Che  equation  P(x*  S  c)  ■  l-o  from  che  appropriate  value  of  in  che 
cable  of  the  x^  distribution  (included  In  most  standard  texts  on  statistics).  The  appropriate 
value  of  is  listed  under  the  chosen  value  of  Qi  and  for  (r-lXc-l)  degrees  of  freedom. 

(4)  If  X*  S  c,  do  not  reject  che  hypothesis.  If  X*  *  c,  reject  Che  hypothesis. 

For  the  example  in  table  13  the  hypothesis  is  rejected,  i.e.  It  is  concluded  that  the  locations  of 
primary  fatigue  origins  depend  on  che  environments  (fatigue  testing  schedules). 

8.2  Yates'  Corrected  X^  Test 


A  slight  modification  of  the  X^  test  is  usually  recommended  for  contingency  cables  with  r*2  and  c=2 
(one  degree  of  freedom).  This  modification  is  known  os  Yates'  correction  for  continuity  (reference  U).  It 
is  used  to  correct  for  the  fact  that  the  distribution  Is  continuous  whereas  the  observed  frequencies  are 
discrete. 


The  only  change  is  that  the  formula  x^  •  t  (f  -  f  )^/f  is  modified  to 

o  o  t  t 

where  1  f_  **  f.  I  is  the  absolute  value  of  (f  -  f  ).  is  always  smaller  then  X*.  This  means  that  the 
o  c  o  t  c  o 

hypothesis  of  Independence  Is  more  readily  accepted.  I.e.  Yates'  corrected  X*  test  is  more  conservative. 


8.2.1  Correlation  of  fatigue  lives  and  primary  fatigue  origins 

Table  14  gives  an  example  of  using  Yates*  corrected  test  to  check  an  association  between  fatigue 
lives  and  primary  fatigue  origins.  The  fatigue  life  data  were  arranged  in  ascending  order  together  with  the 
corresponding  primary  fatigue  origins.  The  median  value  of  fatigue  life  was  used  to  separate  the  data  Into 
two  Columns  for  the  contingency  Cable.  The  median  value  was  used  instead  of  the  mean  because  the  median  Is 
less  affected  by  data  scatter. 


The  hypothesis  to  be  tested  is  that  the  locations  of  primary  fatigue  origins  do  not  depend  on  fatigue 
life.  The  Initial  contingency  table  In  table  14  does  not  contain  enough  F/R  and  G/S  primary  fatigue  origins 
to  give  expected  frequencies  of  five  in  each  cell.  Therefore  the  F/R  and  G/S  categories  were  combined  In  a 
modified  contingency  table. 


The  results  in  table  14  indicate  that  the  hypothesis  should  be  accepted,  I.e.  it  is  concluded  that  tur 
this  fatigue  test  condition  (latigue  in  air  at  S  =  ^10  MFa)  the  locatitms  of  primary  fatigue  uriglns  do 
not  depend  on  the  latigue  lives- 

8.3  Fisher's  Exact  Test 

Fisher's  exact  test  (reference  12)  is  used  for  contingency  tables  with  r=2  ai:d  c=2  when  the  total 
sample  size  is  *  20  or  when  the  sample  size  is  between  20  and  40  and  the  smallest  expected  frequency  is 
less  than  five.  This  is  because  Yates'  corrected  test  is  inaccurate  tor  small  numbers.  In  Fisher's  test 
a  probability  is  calculated  from  the  values  in  the  contingency  table  and  is  compared  to  the  actual  val'ie  of 
a  chosen  significance  level  a.  For  a  2  X  2  contingency  table  containing  four  values  a,  b,  c,  d;  marginal 
totals  n  ,  n  ,  n  ,  n  ;  and  a  grand  total  N,  thus: 

1  2  3 


The  probability  P  Is  given  by 

n  *  X  n  !  X  n  !  X  n  ! 

12  3  4 

’’  *  N!  X  a!  X  b!  X  c!  X  d! 

An  illustration  of  Fisher's  exact  test  is  given  in  table  ';5.  The  initial  contingency  table  is  modified 
by  combining  the  E/Q  and  C/0  categories  and  the  F/R  and  C/S  categi-rics.  The  pr».'bal> i I  i  ty  P  is  o.jiculated 
from  the  modified  contingency  cable. 

The  hypothesis  to  be  tested  is  chat  Che  locations  of  primary  fatigue  origins  do  not  dept-nd  on  fatigue 
Life.  The  hypothesis  is  accepted  if  the  calculated  probability  is  greater  chan  a.  The  result  in  table  13 
indicates  that  the  hypothesis  should  be  rejected,  i.e.  it  is  concluded  liiat  for  this  fatigue  test  condition 
(fatigue  in  salt  spray  at  S  *  144  MPa)  the  locations  of  prioiary  f.Ttigiie  t’rigins  depend  <'>n  the  f.JtigLie 
I  ives .  ^ 
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TABLE  1:  EXAMPLE  OF  GRAPHICAL  PROCEDURE  FOR  TEST  OF  NOR.'-JALITY 


•  FATIGUF:  LfFE  DATA 
ARiJANCED  IN 
ASCENDING  ORDER 
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FATIGUE  IN  SALT  SPRAY  AT 

-  166  MPa 

max 

FATIGUE  LIFE 

MEDIAN  RANKS 

FATIGUE  LIFE 

MEDIAN  RANKS 

FATIGUE  LIFE 

MEDIAN  RANKS 

FATIGUE  LIFE 

MEDIAN  RANKS 

(CYCLES) 

(») 

(CYCLES) 

(«) 

(CYCLES! 

*) 

(CYCLES) 

1  %; 

IS. 160 

1.73 

39.S72 

26.68 

67. 798 

SI, 2) 

93,692 

75.99 

22.608 

A.  20 

61.320 

78  96 

67.960 

S3  71 

106,81 ; 

’8  66 

28. U9 

6.68 

61.5S7 

31  ,6) 

71.071 

56.18 

106.209 

80  96 

31. UA 

9. IS 

6S.500 

)3  91 

'3.860 

S8 

116,167 

83  61 

M  .200 

U  63 

66.SS0 

36.  38 

76.662 

61  13 

121.927 

85.89 

31.762 

u  lo 

68.291 

38  86 

79.830 

63.61 

175. IS* 

88  37) 

33.693 

16  S« 

S6.678 

4l  33 

8S.9‘j6 

66  08 

I  )9,690 

90.  S'. 

36.SS3 

IV  OS 

S6.5/6 

•63  81 

86. OS') 

68  56 

U3.861 

93  31 

3.'. 03? 

21  S3 

60.019 

66-28 

88, 720 

71  03 

166  .  366 

99  7  9 

38.S12 

26  01 

6S.121 

68. 76 

90,392 

73.51 

IS6,,’9  3 

98  ?h 

‘•If:  M’wvAf  I  rv 


OS*-  -* 

^  i 

oil - ^ _ 1. _ i -  -1. _ I _ 1 

0  so  000  100000  ISO  000 


r 

l- 


10.000 


100.000 


CVCLfSTOFAllURE 


200 


TABLE  2:  EXAMPLE  OF  TEST  FOR  GOODNESS  OF  FIT  TO  CHECK  FOR  NORMALITY 


X*  TEST  PROCEDURE  FOR  THE  CFCTP  CORE  PROGRAMME 

ASSIME  F(x)  IS  THE  NORMAL  DISTRIBUTION.  DIVIDE  Fix)  IHTO  K  -  4  INTERVALS  SUCH  THAT  EACH  INTERVAL  INCLUDES  1/4  OF  THE 
POPULATION.  THIS  IS  A  CONVENIENT  DIVISION  BASED  ON  THE  SAMPLE  SIZE  n  -  40  FOR  EACH  OF  THE  EIGHT  COMBINATIONS  OF 
FATIGUE  STRESS  LEVELS  AND  TESTING  SCHEDULES.  THIS  DIVISION  ALSO  MEANS  THAT  THE  THEORETICAL  FREQUENCY  f  IS  1/4  OF 
THE  SAMPLE,  I  E.  f  -  10. 


ARRANGE  THE  SAMPLE  IN  ASCENDING  ORDER  OF  FATIGUE  LIVES  AND  CALCULATE 


THESE  ARE  THE  MAXIMUM  LIKELIHOOD  ESTIMATES  FOR  THE 
SAME  (UNKNOWN)  PARAMETERS  FOR  F(x).  IF.  r  -  2 


THE  STANDARD  DEVIATIW 


(X  -x) 

THE  STANDARDIZED  NOR.MAL  VARIATE  Z - - - FOR  EACH  DATUM 


COMPARE  THE  VALUES  OF  z  FOR  THE  SAMPLE  WITH  THE  z  VALUES  BOUNDING  THE  K  INTERVALS  OF  Fix)  THIS  ENABLF.S  DIVIDING  THE 
SAMPLE  INTO  THE  K  INTERVALS  AND  GIVES  THE  NUMBER  OF  SA.MPLE  VALUES  f  IN  EACH  INTERVAL 


FATIGUE  I.V  SALT  SPRAY  AT  S 


TEST  FOR  NORMAL  DISTRIBUTION 


4,933  j 

1  -  1  38 

i  11.370 

S.9S7 

i  -  1  19 

11.386 

6,373 

-  1.11 

1  11.524 

6 . 442 

-  I.IO 

11.737 

6,830 

^  -  1  02 

'  1 1 .  V40 

7.163 

-  0.96 

12.047 

r.  310 

-  0  93 

'  12.626 

7.460 

-  0  91 

1  12.848 

7,563 

-  0  89 

'  11.520 

7.586 

-  0  88 

,  13.626 

7,935 

-  0.82 

14.670 

9.060 

-  0.61 

(  17,549 

9,100 

-  0.60 

17.893 

9,570 

-  0  51 

i  18.577 

10,137 

-  0.41 

18.970 

10.298 

-  0  38 

t  19.523 

10,820 

-  0.28 

20.470 

11,026 

-  0  24 

i  22.546 

11,105 

1  -  0.22 

24.680 

11.360 

-0.18 

'  26 . 799 

X  -  12, 

,308 

- 

VALUES  OF  z 

1 

1 - 

BOUNDING  THE 

THEORETICAL 

1  OBSERVED 

K-4  INTERVALS 

1  FREQUE-VCY 

1  FREQUENCY 

OF  F(x) 

t 

TEST  FOR  LOG-NORMAL  DISTRIBUTION 


FATIGUE  LIFE  x 

(LOC  CYCLES) 

7.  - 

3.693 

-  2.00 

4,056  ! 

0  02 

3  775 

-  1  54 

4  .056 

'  0,02 

3  804 

1  -  1.38 

4  .062 

i  0.05 

3  809 

-  1.36 

4  070 

0.09 

3.834 

1  -  1.22 

4  .077 

1  0.13 

3.855 

-  1.10 

4  081  1 

0  16 

3.864 

1  -  1  05 

4,101  j 

1  0,2  7 

3  873 

-  1.00  1 

4.109 

0.31 

3  879 

'  -  0  97 

4.131 

0.43 

»  880 

1  -  0.96  1 

4.134 

0  '.5 

3 , 900 

'  -  0  85  , 

4.166  , 

0.  63 

3  957 

-  0,53  ' 

4  244  ! 

1  06 

3,959 

-  0.52  1 

4,253  1 

1.  11 

3  981 

-  0  40 

269 

1  20 

4  006 

-  0.26 

4  278  1 

1  25 

4  on 

-  0  22 

4  291 

1  32 

4  034 

-  0  11 

4  311 

1  ..1 

4,042 

-  0.06 

4  3S3 

1  6; 

4  046 

-  0  04 

4  391 

1 

4,055  1 

0.01 

4  l.28 

2  08 

X  -  4  ( 

)53 

s  -  0 

1  RO 

VALUES  OF  z 

THEORETICAL 

OBSERVED 

(£  -f  )* 

BOUNDING  THE  | 

K-4  1NTERVAI5  1 

FBEQUF.NCY 

FREQUENCY 

f  ^ 

OF  F(x> 

‘t 

^0 

-0.68 

-0  68  .  0  00 
0,00  .  .  0.68 
0  68  > 


FOR  a  -  5  %  AND  K-r-l  -  4  ?  l  -  I  DEGREE  OF  HIF.EDOM 
SINCE  l.OOO  <  1  841  THE  POPULATION  IS  NORMAL 


EXAMPLES  OF  BARTLETT'S  TEST  AND  BOX'S  TEST  FOR  HOMOGENEITY  OF  VARIANCES 


FOR  a  -  ^  «  AND  9  AND  739  DEGRF.ES  OF  FREEDOM  F  -  I  880  SIKCK  0  816  <  I  880  THE  POPVIATION  VARIANCES 
ARE  EQUAL. 


T 


T.-VJII.L  3;  EX^VMrLtS  OK  1.K.AST  SIGN1FIG\.":T  DIFFERENCE  TEST  FOR  LOCATING  THE  SOl'RCK  OK  SOlRCES  r,V  A  S 
EFFECT  OF  STRESS  VERSUS  ENVlRON^^ENT  (FATIGUE  TESTING  SCHEDULE)  INIUCArEIJ  BY  .YNAI.VSIS  oK 


KX.VMl'l.i.  OK  Di:Nt:\-S'S  NKW  MUi.llPI.r:  K.\.V<a;  HIST  FUK  tOlAI.  Si.'-tS 

vr.RSrS  KNVIRUNMLNT  (KAIIOLK  n;STING  SCliFWI-K)  I XTKK.UTIl)NS 
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TABLE  13:  EXAMPLE  OF  X*  TEST  OF  INDEPENDENCE  FOR  ANAEVSINC  THE  PRIMARY  FATIGUE  ORIGIN  DATA 
(ORIGINAL  EIGHT  CFCTP  PARTICIPANTS  AND  SIFFRL) 


CFCTP  FATIGUE  DATA 


TEST  FOR  NORMAIITV 

•  AfttTHMETlC  ANO  lOOARITHMlC 
NORMAL  PROBABILITY  PLOTS 

•  TEST  FOR  GOODNESS  OF  F|T 


PRIMARY  FATIGUE  ORIGINS 


TESTOFtNDEPENOENCE 

OR 

YATES'  CORRECTED  x*  TEST 
OR 

_ FISHER'S  EXACT  TEST 

•  ORIGINS  AND  STRESS  LEVELS 

•  ORIGINS  AND  ENVIRONMENTS 

•  FATIGUE  LIVES  ANO  ORIGINS 
PER  TEST  CONDITION 


NORMAL  OR 

APPROXIMATELY  NORMAL 
DISTRIBUTION,,,,^^ 


QUALIFICATION 
FOR  MAIN 
STATISTICAL 
ANALYSIS 


TEST  FOR  HOMOGENEITY  OF  VARIANCES 
•  BOX  TEST  TO  CHECK  FQR 

INTERLABORATORY  DIFFERENCES 
PER  FATIGUE  TEST  CONDITION 


•  BARTLETT  TEST  TO  CHECK  FOR 
DIFFERENCES  BETWEEN 
fatigue  TEST  CONDITIONS 


0  M  0  G  £  N  £  0  U 

OR  APPROXIMATELY  HOMO- 
- - GENEOUS  VARIANCES,,-- 


ANALYSIS  OF  VARIANCE 


•  MAIN  EFFECTS 
-  stress 


LIPSON  AND  SHETH  METHOD 


•  sample  SIZE  ANO  DATA  SCATTER 


"  I  •  Z  WAY  INTERACTIONS 
MAIN  I  -stress:  environment 

STATISTICAL  I  -stress:  laboratory 

ANALYSIS  I  -environment:  laboratory 

•  3-WAY  INTERACTIONS 

-stress,  environment-  laboratory 


SIGNIFICANT  EFFECTS 


LEAST  SIGNIFICANT  DIFFERENCE  TEST  I  |  OUNCAN'SNEW  MULTIPLE  RANGE  TEST 


8  for  analyHing  the  CFCTP  fatigue  life  and  prlnary  fatigue  origin  data 


REPORT  DOCUMENTATION  PAGE 


1 .  Recipient's  Reference  2.  Originator’s  Reference 

3.  Further  Reference 

1  4.  Security  C'iiissincatton 

1 

I  of  Document 

AGARD-R-713 

ISBN  92-835-0495-X 

'  UNCLASSIFIED 

Advisory  Group  for  Aerospace  Research  and  lievciopmcnt 
North  Atlantic  Treaty  Organization 


7  rue  Aneclle,  9220(1  Neuilly  sur  Seine.  France 

THE  FATIGUE  IN  AIRCRAFT  CORROSION  TESTING  (FACT) 
PROGRAMME 


1  7.  Presented  at 

I  8.  Author(s)/Editor(s)  !  9.  Dale 

j  RJ.H.Wanhill,  J.j. De  Lucciaand  M.T.Ru.ss<»  February 

I 

j  10.  Author's/Editor's  Address 

n .  Pages 

1  See  Flvleaf 

1 

i  224 

1 

j  1 2.  Distribution  Statement 

This  document  is  distributed  in  accordance  with  AGARD 
policies  and  regulations,  which  are  outlined  on  the 

Outside  Back  Covers  of  all  AGARD  publications. 

j  1 3.  Keywords/Descriptors 

i 

i  Corrosion  fatigue 

j  Aluminum  alloys 

1  Joints  (junctions) 

j  Ctirrosion  prevention 

1 

Aircraft  i 

Fatigue  tests 

Cyclic  loads 

1  14.  Abstract 

“i 

In  accordance  with  the  mission  of  AGARD  the  Structures  and  Materials  Panel  (SMP)  has  always 
kept  an  open  eye  for  the  possibilities  to  sponsor  collaborative  programmes  of  research.  AGARD 
is  unique  in  its  ability  to  realise  the  cooperation  of  laboratories  in  up  to  sixteen  nations.  In  this 
way  AGARD  distinguishes  itself  from  other  international  scientific  and  technical  organisations. 

In  the  1 97()s  the  SMP  decided  to  embark  on  collaborative  research  activities  in  the  area  of  I 

fatigue.  One  of  the  first  activities  was  the  Corrosion  Fatigue  Cooperative  Testing  Programme 
(CFCTP).  the  precursor  to  the  Fatigue  in  Aircraft  Corrosion  Testing  (FACT)  programme.  Both  i 
programmes  arc  described  in  this  report. 

Failure  by  fatigue  and  degradation  by  corrosion  continue  to  be  major  considerations  in  i 

aircraft  design.  Environmental  effects  influence  both  initiation  and  propagation  of  fatigue  cracks.  ! 
and  dynamic  loading  may  cause  more  rapid  deterioration  of  corrosion  protection  systems.  j 

Therefore  the  conjoint  action  of  dynamic  loading  and  environmental  attack,  i.e.  corrosion 
fatigue,  requires  special  attention. 

'  -  •  '  ■  (  .  i 

Many  corrosion  fatigue  tests  have  been  done  on  aluminium  alloys.  However,  few  included  critical  | 
structural  details  like  joints,  under  realistic  cyclic  load  histories  and  in  service-like  environments.  } 
Even  fewer  used  practical  corrosion  protection  systems.  These  aspects  arc  specifically  addrcs.sed  1 
by  the  C-FCTP  amtiFACT  programmcs,Thc  results  provide  a  significant  contribution  to  the  [ 

understanding  of  aircraft  corrosion  fatigue  and  should  encourage  further  investigation  in  this  1 

difficult  and  challenging  area  of  aerospace  technology. 


